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Drug research and development have recently been
hampered by high costs,' notably high investigational
new drug (IND) failure rates® and multiple new drug
application (NDA) review cycles.” The number of ap-
plications for new molecular entities submitted to the
Food and Drug Administration (FDA) has declined
steadily.* As part of the FDA’s strategic plan,’ the FDA
is developing standards to apply emerging technologies
(eg, pharmacogenomics) to provide effective transla-
tion of new scientific discoveries into safe and effective
medical products. A recent document by the FDA
stressed the following*: “The product development
problems we are seeing today can be addressed, in part,
through an aggressive, collaborative effort to create a
new generation of performance standards and predic-
tive tools. The new tools will match and move forward
new scientific innovations and will build on knowledge
delivered by recent advances in science, such as bioin-
formatics, genomics, imaging technologies, and mate-
rials science.” There are various initiatives within the
Center for Drug Evaluation and Research to address
issues in the area of pharmacogenomics. A guidance for
industry on genomic data submission has been pub-
lished.®” The guidance was intended to encourage vol-
untary genomic data submission by sponsors using
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pharmacogenomics in exploratory research during drug
development and to clarify under what circumstances
genomic data submission is required. For example, the
guidance discusses when to submit genomic biomarker
data, on the basis of how the biomarker is used during
the IND/NDA phase and the status of the biomarker
(whether it is a “known valid,” “probable valid,” or
“exploratory” biomarker). A workshop was held in
November 2003 to discuss issues related to genomic
data submissions, and the proceedings have been
published.®*'! In addition to the guidance on genomic
data submissions, the FDA is developing a new guid-
ance for drug-test combinations when a deoxyribonu-
cleic acid-based test is used before a drug is pre-
scribed. Another public workshop was held in July
2004 to identify issues in the development of these
combination products,'? and a concept paper was pub-
lished."?

With the increasing knowledge and available tools in
pharmacogenomics, the FDA will continue to encour-
age genomics-based research and the translation of the
resultant scientific data to clinical practice.'*'® On the
basis of the FDA guidance,®” data generated related to
genomic biomarkers will need to be submitted for re-
view in the NDA, with various reporting formats (full
report, abbreviated report, or synopsis) that depend on
the purpose of the genomic evaluation and the validity
of the genomic biomarker.®” The type of genomic data
(eg, which alleles, what genotypes) that need to be
evaluated is one of the critical issues in drug develop-
ment and regulatory review!’ and is the subject of this
commentary. Consideration of racial or ethnic differ-
ences in the distribution of various alleles with no or
reduced metabolic activity in the evaluation of dose-
response relationships is also discussed.

REVIEW OF CLINICAL PHARMACOLOGY
AND LABELING

To optimize drug therapy and reduce adverse events,
it is critical that information on how various intrinsic
factors (age, gender, race, genetics, and others) and
extrinsic  factors (concomitant medication and
others)'®'®* may affect drug treatment be available for
health care providers and patients. When a drug is
being developed, variability in drug response and the
factors contributing to it should be investigated, and
this information should be included in the labeling.
Detailed data are included in the “important clinical
pharmacology findings” section, and key results are
summarized in the “executive summary” section of the
clinical pharmacology review.'® For example, changes
in pharmacokinetic parameters reflecting systemic ex-
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posure, such as area under the plasma concentration—
time curve (AUC) or maximum plasma concentration,
as a result of various extrinsic and intrinsic factors may
be summarized and displayed in graphic or table forms.
The clinical significance of altered systemic exposure
resulting from these factors, including genetics, de-
pends on the concentration-response relationships for
both efficacy and toxicity.?® If the concentration-
response relationship is well described, knowledge of
the effects of genotype, an intrinsic factor, can lead to
rational adjustment of dose or dosing interval or to
appropriate warnings and precautions. For example, the
labeling of atomoxetine (Strattera; Eli Lilly & Co,
Indianapolis, Ind), thioridazine (Mellaril; Novartis
Pharmaceutical Corp, East Hanover, NJ), voriconazole
(Vfend; Pfizer, New York, NY), 6-mercaptopurine (Pu-
rinethol; Gate Pharmaceutical, Sellerville, Pa), and iri-
notecan (Camptosar; Pharmacia & Upjohn, Kalama-
700, Mich) contains information about the genetics of
metabolizing enzymes (eg, cytochrome P450 [CYP]
enzymes CYP2D6 and CYP2C19, thiopurine
S-methyltransferase, and uridine diphosphate—glucu-
ronosyltransferase [UGT] 1A1) that are responsible for
the elimination of these drugs to warn about genetic
variation in drug disposition (Table I).%!

APPLICATIONS OF PHARMACOGENETICS
AND PHARMACOGENOMICS IN DRUG
DEVELOPMENT AND REGULATORY
REVIEW

A recent internal, informal survey of the IND and
NDA submissions received at the Center for Drug
Evaluation and Research indicated that, of the 70 sub-
missions with pharmacogenomic data received between
1992 and 2001, many evaluated the status of drug-
metabolizing enzymes, with CYP2D6 being the most
frequent. Fig 1 depicts the distribution of submissions
evaluating various polymorphic enzymes.”> Many of
the submissions received between 1992 and 1999 used
phenotyping (eg, urinary metabolic ratios of dextro-
methorphan and dextrorphan) to estimate CYP2D6 ac-
tivity. Most of the later submissions (received between
2000 and 2001) used genotyping.

A number of enzymes listed in Fig 1, including
CYP2D6, CYP2C9, CYP2C19, and UGTI1AIl, are
“known valid” metabolizing enzyme biomarkers. A
known valid biomarker is defined as being measured in
an analytic test system with well-established perfor-
mance characteristics and for which there is widespread
agreement in the medical or scientific community about
the physiologic, toxicologic, pharmacologic, or clinical
significance of the results.®’ Fig 1 also includes en-
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Table I. Examples of pharmacogenomic information regarding drug-metabolizing enzymes in drug labe
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121,215,216

Brand name and

generic name

Labeling
section

Labeling statement

Purinethol

(6-mercaptopurine)

(July 2004
labeling)

Vfend
(voriconazole)
(April 2004
labeling)

Mellaril
(thioridazine)
(July 2003
labeling)

Strattera
(atomoxetine)
(March 2003
labeling)

Camptosar
(irinotecan)

Warnings

Dosage and
administration

Clinical
pharmacology

Contraindications

Drug-drug
interactions

Laboratory
tests

Clinical
pharmacology,
warning,
and
dosage
and
administration

Individuals who are homozygous for an inherited defect in the thiopurine
S-methyltransferase gene may be unusually sensitive to the
myelosuppressive effects of mercaptopurine and prone to the
development of rapid bone marrow suppression after the initiation of
treatment. . . (see Dosage and administration section).

Patients with little or no inherited thiopurine S-methyltransferase activity
are at increased risk for severe Purinethol toxicity from conventional
doses of mercaptopurine and generally require substantial dose reduction.
The optimal starting dose for homozygous deficient patients has not been
established (see Clinical pharmacology and Warnings and precautions
sections).

In vivo studies indicated that CYP2C19 is significantly involved in the
metabolism of voriconazole. This enzyme exhibits genetic polymorphism.
For example, 15% to 20% of Asian populations may be expected to be
PMs. For white subjects and black subjects, the prevalence of PMs is 3%
to 5%. Studies conducted in white and Japanese healthy subjects have
shown that PMs have, on average, 4-fold higher voriconazole exposure
(AUCT) than their homozygous EM counterparts. Subjects who are
heterozygous EMs have, on average, 2-fold higher voriconazole exposure
compared with their homozygous EM counterparts.

Thioridazine is contraindicated . . . in patients, comprising about 7% of the
normal population, who are known to have a genetic defect leading to
reduced levels of activity of CYP2D6 (see Warnings and precautions
section).

In EMs inhibitors of CYP2D6 increase atomoxetine steady-state plasma
concentrations to exposures similar to those observed in PMs. Dosage
adjustment of Strattera in EMs may be necessary when coadministered
with CYP2D6 inhibitors (eg, paroxetine, fluoxetine, and quinidine) (see
Drug interactions section under “Precautions”). In vitro studies suggest
that coadministration of CYP inhibitors to PMs will not increase the
plasma concentrations of atomoxetine.

With regard to CYP2D6 metabolism, PMs of CYP2D6 have a 10-fold
higher AUC and a 5-fold higher peak concentration to a given dose of
Strattera compared with EMs. Approximately 7% of the white population
are PMs. Laboratory tests are available to identify CYP2D6 PMs. The
blood levels in PMs are similar to those attained by taking strong
inhibitors of CYP2D6. The higher blood levels in PMs lead to a higher
rate of some adverse effects of Strattera (see Adverse reactions section).

Patients who were homozygous for UGTIA1%*28 had a higher exposure to
SN-38 than patients with the wild-type UGT1A1 allele. Individuals
homozygous for the UGTIA1*28 allele are at increased risk for
neutropenia after Camptosar administration. A reduction in the starting
dose by 1 level may be considered in patients aged >65 y, prior
radiotherapy, performance status 2, increased bilirubin levels. A reduction
in the starting dose by at least 1 level of Camptosar should be considered
for patients known to be homozygous for the UGT1A]*28 allele. . . . The
appropriate dose reduction in this patient population is not known.

For additional information on thiopurine S-methyltransferase, see references 215 and 216.
EM, Extensive metabolizer; PM, poor metabolizer; AUC, area under plasma concentration—time curve; UGT, uridine diphosphate—glucuronosyltransferase.
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Fig 1. Distribution of pharmacogenetic-pharmacogenomic studies evaluating the impact of different
genotypes and phenotypes of CYP2D6, CYP2C19, CYP2C9, CYP3A, and CYP1A2 and other
metabolizing enzymes, transporters, or receptors (including ABCBI [multidrug resistance 1
(MDRI)] gene product P-glycoprotein, uridine diphosphate—glucuronosyltransferase 1A1, and other
transferases and proteins) on the new drug’s pharmacokinetics, pharmacodynamics, or efficacy-
safety measures for 70 investigational new drugs (INDs) and new drug applications (NDAs)
submitted between 1992 and 2001.%2
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Fig 2. Genomic structure for CYP2C9.

zymes, transporters, and receptors or proteins that have some genes (eg, CYP3A4), the correlation between
not reached the “valid” biomarker status and are con- certain genotypes and enzyme or transporter activities
sidered “exploratory” biomarkers. For example, for has been observed in vitro only.”® For others (eg,
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ABCBI), contradictory data have been published for
different drugs and the correlation between single-
nucleotide polymorphism (SNP) genotype or haplotype
and the phenotype (pharmacokinetic parameters, other
response measures) will need to be further defined. For
many of these genes, the relationship between in vitro
and in vivo phenotype data, in vivo genotype-
phenotype correlations, the ethnic distribution of major
alleles, and recommendations for specific alleles that
might be genotyped in regulatory studies are discussed
later.

CYP2C9

The CYP2C9 gene is located at chromosomal posi-
tion 10g24 in a multigene cluster consisting of other
CYP2C subfamily members including CYP2CIS,
CYP2C19, and CYP2CS assembled as shown in Fig 2.%*
The CYP2C9 gene spans some 55 kilobases and con-
sists of 9 exons that encode a 490—amino acid protein.
The clinically relevant genes, CYP2C19, CYP2C9, and
CYP2(CS, are highly homologous at the nucleotide
level. These genes also exhibit genetic polymorphisms,
which confer important clinical differences in the me-
tabolism of known CYP2C substrates. The high degree
of homology can introduce complexities in gene-based
assays, yet critical primer design enables comprehen-
sive evaluation of the genetic differences present in
individuals.

The CYP2C9 protein represents the primary CYP2C
protein present in the human liver and accounts for
approximately 20% of the hepatic CYP content.”
CYP2C9 plays a major role in the metabolism of nu-
merous therapeutics including the antidiabetics glipiz-
ide and tolbutamide, the anticonvulsant phenytoin, the
angiotensin II receptor antagonist losartan, the 3-
hydroxy-3-methylglutaryl-coenzyme A reductase
inhibitor  fluvastatin, many nonsteroidal anti-
inflammatory agents, and the commonly administered
anticoagulant warfarin.

In vitro and in vivo correlations. Individual varia-
tion within the CYP2C9 gene locus has been charac-
terized because of the importance of this enzyme in the
metabolism of common medicines. The variant forms
are defined in Table II. The most common variants,
CYP2C9*2 and *3, represent the predominant alleles
with clinical consequences. In contrast to the CYP2D6
poor metabolizer (PM) alleles, which result in nonfunc-
tional alleles, the proteins encoded by the CYP2C9
allelic variants exhibit differing affinity (Michaelis-
Menten constant) or intrinsic clearance (maximum
velocity/Michaelis-Menten constant) for differing sub-
strates. This is exemplified by the CYP2C9*2 allele,
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Table II. Nomenclature for CYP2C9 alleles?®3°

CYP2C9 allele Effect of nucleotide change Reference

*] Wild type

*2 Argl44Cys 26
*3 Tle359Leu 27
*4 1e359Thr 28
*5 Asp360Glu 29
*6 Del Aden818 30

which results in impaired 6-/7-hydroxylation of S-war-
farin; small effects, if any, on maximum velocity for
tolbutamide; and no effect on the methyl hydroxylation
of torsemide (INN, torasemide). Whereas CYP2C9*2
effects appear to be more substrate-specific, the
CYP2(C9*3 variants demonstrate reduced catalytic ac-
tivity across the majority of CYP2C9 substrates, with
lowered maximum catalytic rates or lower affinity for
substrates in general.

Clinical relevance. An important clinical conse-
quence of CYP2C9 polymorphic variation is demon-
strated by the individual differences in the metabolism
of warfarin, a common oral anticoagulant. Individuals
receiving warfarin therapy often demonstrate difficul-
ties in initial dosing predictions, as well as maintenance
dosing regimens. The in vivo consequences of the
CYP2(C9 genotype and dosing requirements were doc-
umented by Aithal et al*! in a study examining patients
from an anticoagulation clinic requiring low mainte-
nance doses of warfarin (<1.5 mg/d). In this study
individuals who required a low dose of warfarin to
maintain anticoagulation were about 6-fold more likely
to possess a variant allele of the CYP2C9 gene com-
pared with unselected patients receiving the same ther-
apy and a control population. Furthermore, those indi-
viduals in the low-dose group had significant difficulty
in achieving optimal warfarin exposure and an in-
creased risk of bleeding events. Subsequent studies
have confirmed the important relationship between
CYP2(C9 genotype and warfarin dosing, anticoagulation
effects, and bleeding events.’>>>

What alleles to measure. The CYP2C9 allele fre-
quencies have been well characterized in the major
ethnic groups, with the 2 most common polymorphisms
being identified as the *2 and *3 alleles. The
CYP2C9%*2 allele occurs at an allelic frequency of ap-
proximately 10% in white subjects and 2% to 4% in
black subjects and has not been seen in the Asian
populations examined. The CYP2C9%*3 allele occurs at
an allele frequency of 8% in white subjects, less than
1% in black subjects, and approximately 2% in Asians.
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Table III. Summary of recommended polymorphic alleles of specific metabolizing biomarkers to measure in

specific population groups>*33-37

Basic alleles to measure in

Additional alleles relevant to specific population groups

Enzyme all population groups Whitet Blackt Asian Americansi
CYP2C9 *2, *3 *5, %6
CYP2C19 *2, *3 *4, *5,
*6
CYP2D6 *3, *4, *5, %6, *2xN *10 (*41) *]7 *10 (*21)
UGT1Al *28 (*60) (*6)

FAdditional alleles to measure in this specific population group are shown, with possible additional alleles to measure in parentheses.

Other identified CYP2C9 alleles occur at significantly
reduced frequencies, including the 11e359Thr *4 allele
identified in Japanese subjects and the Asp360Glu *5
and Del *6 alleles identified in black subjects.

Whereas research studies on metabolic differences
imparted by genetic variation in CYP family members
have often focused on coding regions of these genes,
the contributions of genetic variation within regulatory
regions are beginning to be appreciated. Recently,
Shintani et al** characterized the impact of 7 SNPs
located in the upstream regulatory region of the
CYP2C9 gene. Combinations of these SNPs have been
characterized in promoter/reporter constructs trans-
fected into cells and demonstrate reduced gene tran-
scription of the reporter gene, suggesting that CYP2C9
promoter variation may also play a role in reduced
metabolism of substrates. Further studies are required
to define the in vivo consequences of these common
variants.

Conclusions. In considering substrates of CYP2C9,
the common alleles CYP2C9*2 and *3 account for the
majority of intersubject variation. These common al-
leles could be routinely examined for defining the in
vivo relationships between substrate metabolism and
CYP2C9 genotype. Table III lists the recommended
polymorphic alleles to measure in specific population
groups for CYP2C9, along with CYP2C19, CYP2D6,
and UGTI1A1 (which will be discussed in detail
later).24’35'37

CYP2C19

PMs of S-mephenytoin do not express CYP2C19
because of a defective or mutated gene.> ~**' More
than 10 mutated alleles for CYP2C19 are known, of
which *2 and *3 are the most common.*? Per definition,
in a PM both alleles are mutated, whereas individuals
with 1 mutated and 1 wild-type allele (heterozygotes)
or 2 wild-type alleles (homozygotes) are extensive me-
tabolizers (EMs). The PM frequency varies, with more

PMs among Asians (approximately 15%) than among
white subjects and black subjects (approximately
3%).** Extreme values have been reported in smaller
ethnic groups such as Cuna Indians in Panama (0%)**
and Vanuatuans in the South Pacific (approximately
70%).*> There have been indications in the literature
that a subgroup of super-rapid metabolizers exists, sug-
gesting that those may be found among nonresponders
to treatment with the CYP2C19 substrate proton pump
inhibitors (PPIs). This phenomenon may be caused by
a variant of the wild-type allele.*® A wide array of
drugs are known substrates of CYP2C19.*

In vitro and in vivo correlations. Several experimen-
tal settings have been used to demonstrate that in vitro
data can be used to predict PM status in vivo. When
different mutated alleles were compared with the wild-
type allele in a bacterial expression system, good correla-
tions were found with carbon monoxide binding spectra or
Western blotting or by simply measuring the
S-mephenytoin hydroxylase activity in recombinant
enzymes.*’>°

In vivo genotype-phenotype correlations. There are
many good examples in vivo in which correlations
between genotype and phenotype have been demon-
strated. A good correlation with a clear cutoff level for
EMs and PMs was found between the S/R-mephenytoin
urinary ratio or the mephenytoin hydroxylation index
and CYP2CI9 allele frequency in both Asians (Filipi-
nos) and Saudis.”' The urinary excretion of cycloguanil
pamoate (INN, cycloguanil embonate), the primary
chloroguanide (INN, proguanil) metabolite, as well as
the ratio between chloroguanide and cycloguanil pamo-
ate in urine, also correlated with EM and PM status
determined by CYP2C19 genotyping.’” There is a clear
correlation between mephenytoin S/R ratio and ome-
prazole metabolizer status,>® consistent with the corre-
lation between CYP2CI9 genotype and omeprazole
metabolizer status (ratio between AUC or 3-hour con-
centrations of racemate omeprazole and its hydroxy
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metabolite).>*>> Like racemate omeprazole, other PPIs
such as lansoprazole and pantoprazole are metabolized
by CYP2C19 to a similar degree® and could, therefore,
be used for phenotyping.”” However, for mephenytoin,
chloroguanide, and PPIs, there is an overlap between
homozygous and heterozygous EMs. Because the
S-omeprazole enantiomer is less dependent on
CYP2C19, it is not as useful for phenotyping.

Which alleles to determine. By genotyping for *2
and *3 alleles, one would detect 84% of PMs among
white subjects, greater than 90% among black subjects,
and approximately 100% among Asians.***%5! By also
including *4 to*6 alleles, 92% of white PMs would be
detected. The number of alleles to be included in geno-
typing should be based on a cost/benefit analysis. In
contrast to CYP2C9, all compounds identified as
CYP2CI19 substrates to date are metabolized equally
poorly in all PMs, irrespective of variant alleles or
ethnic origin.”® The only factor that seems to determine
the difference in exposure between EMs and PMs for
CYP2C19 substrates is the proportion of the drug me-
tabolized by CYP2C19.%°

Clinical relevance. The clinical relevance of poly-
morphic expression of CYP2C19 has to be evaluated
separately for each drug, mainly on the basis of the
proportion of dose that is metabolized via CYP2C19 in
combination with the therapeutic index of the drug, as
well as the consequences of suboptimal treatment.>®33

Tricyclic antidepressants (TCAs) (eg, amitriptyline) are
partly metabolized by CYP2C19 and show higher plasma
concentrations in PMs than in EMs.***%%% No direct cor-
relation between metabolizer status and adverse effect has
been demonstrated, but there is an obvious risk because
there is a correlation between plasma levels and toxic
effect,””%® especially if CYP2D6, the major TCA path-
way, is compromised.®*”’! Selective serotonin reuptake
inhibitors (eg, citalopram) are also partly metabolized by
CYP2C19, and accordingly, higher plasma concentrations
have been reported in PMs than in EMs.”*7*

CYP2C9 is the major metabolizing enzyme for phe-
nytoin and warfarin, both with a narrow therapeutic
window, but they are also partly metabolized by
CYP2C19.7%"7 Patients who are both CYP2C19 PMs
and CYP2C9 PMs are at risk of adverse effects. Be-
cause diazepam has a wide therapeutic window, there is
no concern with the 2-fold higher exposure in PMs
compared with EMs.”%7° Also, because the degree of
decrease in diazepam clearance with CYP2C19 inhibi-
tion correlates with the baseline clearance, patients with
the highest exposure initially will have the least in-
crease with CYP2C19 inhibition.*
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For PPIs, the clinical relevance is dependent on dose;
a clear gene-dose effect in clinical efficacy was dem-
onstrated for 20 mg omeprazole, 10 mg rabeprazole, or
30 mg lansoprazole®' " but not for 40 mg omeprazole,
which provides exposure high up on the dose-response
curve (AstraZeneca, Molndal, Sweden; data on file).

Conclusions. More than 10 different variant alleles of
CYP2C19 have been detected, most of which are defec-
tive. Reliable in vitro and in vivo correlations and
genotype-phenotype correlations exist, but phenotyping
shows an overlap between heterozygous and homozygous
EMs. Bridging between ethnic groups is appropriate.
Genotyping should minimally include *2 and *3 alleles
but should also include *4 to*6 in white subjects (Table
III). To decrease the adverse effects of TCAs, doses may
need to be decreased in PMs. To increase the efficacy of
PPIs, doses may need to be increased in homozygous
EMs.

CYP2Dé6

The simple, inherited EM and PM phenotypes of
CYP2D6 that were first observed in sparteine and de-
brisoquin (INN, debrisoquine) metabolism in 1977 be-
lie a gene of considerable genetic complexity.?®#4%
The PM phenotype of this enzyme results in large
increases of up to 15-fold in the maximum concentra-
tion and AUCs of more than 40 therapeutic agents that
are primarily metabolized by this route (for a detailed
and referenced list, see reference 85"‘). These include a
number of drugs with a narrow therapeutic range, such
as the TCAs and flecainide.®® They also include a
number of drugs in wide use that are of considerable
therapeutic value such as the (-blockers metoprolol,
timolol, and propranolol. For these drugs, the PM phe-
notype does result in pharmacodynamic differences in
the form of lower heart rates and lower blood pressure
at the same dose.’”®® CYP2D6 is also the primary
catalyst for the metabolism of codeine to its active
metabolite, morphine,* of tramadol to its active me-
tabolite,’® and of tamoxifen citrate (INN, tamoxifen) to
its primary active metabolite, endoxifen.”!

The unusual properties of the CYP2D6 gene that com-
plicate a simple approach to genotyping to predict activity
include the presence of 2 highly homologous pseudogenes
adjacent to the coding region on chromosome 10,
CYP2D7 and CYP2DS, and the existence of a genetic
variant, the CYP2D6*5 allele,”* that results in complete
removal of the coding sequence. In addition, multiple
copies of the entire coding sequence have been described
in a number of populations,”> and 13 copies of the gene
have been described in a Swedish family.”® The presence
of multiple copies of the CYP2D6 gene within the ge-
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Fig 3. Allelic frequencies of CYP2D6 in black subjects
(solid bars), white subjects (open bars), and Asians (striped
bars) (adapted from data presented in references 99, 101, 106,
and 116). WT, Wild type.

nome of some individuals results in a third phenotype, the
ultrarapid metabolizer phenotype.

In vitro—in vivo correlations. A total of 52 alleles of
CYP2D6 had been described as of July 2005.°” Not all
of these alleles have clearly defined functional differ-
ences from the wild type. It is clear that alleles *3, *4,
*5, %6, *7, *8, *¥11, *12, *13, *14, *15, *16, *18, *19,
*20, *21, *38, *40, *42, and *44 have no activity. In
addition, alleles *10, *17, *36, and *41 have substrate-
dependent decreased activity. At this time, none of the
alleles that are not multiple copies but appear to have
increased activity in vitro seem to have increased en-
zyme activity in vivo.

It is consistent with the high incidence of the ultra-
rapid metabolizer phenotype in East Africa (13.6%)°’
that multiple copies of the CYP2D6 *1, *2, *4, *9 and
*4] alleles have been reported in African and other
populations. The allelic incidence of these high-copy-
number alleles varies among populations, with 1.9% in
black subjects,”® 0.5% in Japanese subjects,’ and 3.3%
in Tanzanian subjects.'*

The relative simplicity of genotype determination
has encouraged a large number of investigators to at-
tempt to use genetic approaches to better predict the
phenotype of patients within the EM phenotype. To this
end, a number of valuable probe drugs that appear to
use this metabolic pathway as a primary route of elim-
ination have been described which serve as both in vitro
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and in vivo probes of activity. These include debriso-
quin and sparteine, as described previously, and the
widely used probe drugs dextromethorphan'®’ and
S-metoprolol.'**'%?

Which alleles to determine. As illustrated in Fig 3,
there are notable differences in the distribution of the
most common of these alleles in the 3 main ethnic
groups. It is clear that an efficient genotyping strategy
for any population of patients or normal volunteers has
to take ethnicity into account. Among white subjects,
assessment of the most common alleles that result in
loss of function would require testing for the *4 allele
and should include the *3, *5, *6, and *I0 alleles
(Table III). In addition, it may be valuable to test for the
*4] allele among white subjects, in whom this reduced
activity variant is common.'%419¢

In addition, it is likely that an assessment of the
CYP2D6%*17 allele,'*® prominent in West African'®” and
black populations, would improve the ability of any study
designed to predict CYP2D6 metabolism in those popu-
lations. Likewise, assessment of the CYP2D6*10
allele'® ™" should be key to the prediction of the
CYP2D6 metabolism phenotype in Asian populations, in
whom this allele often has a frequency in the 70% range.
It is of note that both the */7 and *I0 alleles are not
knockout alleles which remove functional CYP2D6 en-
zyme activity and that their effect on phenotype is, there-
fore, reduced. As a result, the average rate of metabolism
by CYP2D6 is marginally slower in Asian populations,
but there is a low incidence (in the 1%-2% range) of the
categoric PM phenotype,'®-'%? as is the case in African'"’
and black''? populations. Because the */7 allele is the
result of a nonsynonymous SNP coding for an area near
the active site, substrate-dependent effects have been ob-
served, and a dissociation of the control of debrisoquin,
sparteine, and metoprolol metabolism by CYP2D6 in Ni-
gerians has been described.'"?

Clinical relevance. The PM and ultrarapid pheno-
types of CYP2D6 differ from EMs by 5- to 15-fold if
measured by rates of metabolism or by ratios of parent
to metabolite concentrations, and so these represent the
3 most important phenotypes to investigators and cli-
nicians who wish to use CYP2D6 genotyping to predict
the clinical effects of drugs. Assessment of the inter-
mediate metabolizer phenotype is difficult because it is
quantitatively close to the EM phenotype, there is clear
overlap between these 2 phenotypes in every study
published, and the change in prescribed dose that might
result is, therefore, small.''* It follows that efforts to
predict the ultrarapid metabolizer, EM, or PM pheno-
types will be of most clinical value. Strategies to pre-
dict clinical outcome that use allele scoring strategies
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may also be of value in some populations, as well as in
situations where very accurate assessment of phenotype
is available to validate any prediction of outcome.''®

A large number of drugs can be metabolized by
CYP2D6. However, the drugs for which this ap-
proach will be most valuable will be those that are
predominantly metabolized by CYP2D6 or those in
which metabolism to important, active metabolites is
catalyzed exclusively or primarily by CYP2D6. The
clinical value of CYP2D6 genotyping will be most
valuable when it provides a significant incremental
improvement over what can currently be predicted by
use of routinely available clinical tests. As a result,
its impact will likely be greatest in oncology and in
psychiatry, in which the existing means of predicting
effect are limited. It is difficult for care providers
who treat patients who are depressed or have bipolar
disorder to predict in advance which antidepressants
or antipsychotics will work best in which patient,
resulting in significant morbidity and mortality rates.
Similarly, when the only assessment of the efficacy
of antitumor therapy is the return of metastatic dis-
ease, it is clear that public health could benefit
greatly from better methods of predicting outcome.

Conclusions. Although we have been aware of the
CYP2D6 genetic polymorphism for more than a quarter
century, it remains the case that there is no situation in
which testing for this polymorphism is in routine clinical
practice. That being said, CYP2D6 genotyping is now an
established and frequently used tool in drug development
that is of great value in the determination of the effects of
this important polymorphism on the pharmacokinetics of
new molecular entities which undergo metabolism by the
enzyme. In addition, FDA-approved testing is now avail-
able, an increasing number of companies provide
CYP2D6 genotyping under Good Laboratory Practice
conditions, and an increasing number of medical centers
provide this service to patients under their care. It will be
increasingly important for physicians, pharmacists, and
other care providers to be able to provide coherent thera-
peutic recommendations to patients with predetermined
pharmacogenetic data.

UGTI1A1

UGT1AIl has been shown to metabolize various
drugs,” including SN-38, the active metabolite of irino-
tecan,''” a cytotoxic agent approved for metastatic colo-
rectal cancer usually administered in combination with
S5-fluorouracil. (It is also commonly used off-label for
other solid tumors.) Its use is limited by toxicity, including
life-threatening neutropenia and associated infection, most
common on the every-3-week schedule. The other major

Pharmacogencetics of drug-metabolizing enzyymes: Workshop report 567

toxicity, more problematic when it occurs, is severe or
life-threatening diarrhea, necessitating either parenteral
fluids or hospitalization (or both), which occurs more on
the weekly schedule.

Irinotecan’s disposition in humans is complex.''
The parent drug is inactive. A fraction is metabolized
by CYP3A4 and CYP3AS5 (the latter being minor) to
inactive metabolite(s). It is hydrolyzed by carboxyles-
terases to SN-38, the active form. SN-38 is further
metabolized by glucuronosyltransferases, primarily by
UGT1A1l. In addition, SN-38 is a substrate for
UGT1A9, UGT1A6, UGT1A7, and UGTIAIO, al-
though the clinical significance of variability in these
other enzymes is not clear at this time.

Which alleles to determine. In patients treated with
irinotecan (weekly schedule), diarrhea appeared to cor-
relate with decreased glucuronidation.!'® Other studies
have shown that neutropenia (with the every-3-week
schedule) is correlated with the UGTIA1%*28 genotype.
Table IV provides a list of adequately sized studies
evaluating UGTIAI*28 and irinotecan toxicity or
pharmacokinetics.

UGTIAI%#6, which only has 30% of the wild-type
activity, is consistently associated with neonatal hyper-
bilirubinemia in Asians. In one study in 85 Japanese
subjects, *6 showed 90% effect of %28 120 whereas in
another study in 118 Japanese subjects, no significant
correlation between genotype and toxicity was ob-
served.'”! UGTIAI#60, which shows a higher preva-
lence in African populations (32% as compared with
14% in Asians or 9% in Europeans), is associated with
irinotecan pharmacokinetics and bilirubin levels in uni-
variate analysis but not multivariate analysis.'*° In a
second study, UGTIA1*60 did not show a correlation
with either irinotecan pharmacokinetics or toxicity.'**

Conclusions. In summary, the existing data indicate
that UGTIA1*28 is a valid biomarker (distinguishing 3
genotypes) for decreased UGTI1Al activity and for
increased irinotecan toxicity and should be measured
(Table IIT) along with other clinical measures (eg, bil-
irubin levels) in treating patients taking irinotecan. Ad-
ditional prospective studies with the UGTIAI%*6 geno-
type should be considered in Asian populations to
determine its association with irinotecan toxicity.
UGTIAI*60 should be evaluated further, particularly
in African populations, in which it has the highest
frequency. In addition, the role of various transporters
(multidrug resistance protein 2, organic anion trans-
porting polypeptide 1B1) in the disposition of irinote-
can will require further evaluation to better define vari-
ability in irinotecan toxicity.

8
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Table IV. Summary of adequately sized studies of UGTIAI*28 and irinotecan/SN-38 pharmacokinetics and

metabolism or toxicity!?%1%°
Measured
Study type parameters Outcome Reference
In vitro study with 44 microsomes Glucuronidation rate 6/6 < 6/7 <1/7 129
Case-control study in 118 Toxicity 7/7 higher risk for grade 4 leukopenia 121
Japanese subjects or diarrhea than 6/7 and 6/6
Prospective clinical study in 20 Neutropenia ANC nadir 7/7 2.5-fold lower than 123
Asians 6/6
AUC AUC 7/7 3.9-fold higher than 6/6
Pharmacokinetic study in 65 AUC (SN-38G/ No significant correlation 124
Europeans (58 genotyped) SN-38)
Prospective clinical study in 51 Toxicity No genotype-dependent differences in 125
Spaniards (with docetaxel) toxicity
Prospective study in 66 Americans Neutropenia 7/7 higher risk (9.3-fold) in grade 4 122
leukopenia
AUC 7/7 lower AUC (1.8-fold) than 6/6
Pharmacokinetic study in 94 AUC (SN-38G/ 6/6 < 6/7, 717 126
Europeans SN-38)
Pharmacokinetic study in 85 PK (SN-38G/ 6/6 < 6/7 <17/7 120
Japanese subjects (41 SN-38)
genotyped)
Clinical study in 75 Europeans Neutropenia 77 < 6/7 < 6/6 127
(with 5-fluorouracil)
Diarrhea No significant genotype-dependent
correlation
Clinical study in 75 Spaniards Diarrhea 717 < 6/7 < 6/6 128

ANC, Absolute neutrophil count; SN-38G, glucuronide of SN-38; PK, pharmacokinetics.

CYP3A

Safe and efficacious treatment with CYP3A substrates
is sometimes hampered by the substantial degree of vari-
ability in hepatic and intestinal enzyme activity that exists
in the human population.'**'*! Previous investigators
have attributed much of the variability in basal or con-
stitutive CYP3A activity to genetic sources.'** How-
ever, the search for mutations in the major functional
CYP3A genes (CYP3A4, CYP3AS, and CYP3A7) that
have a significant effect on oral drug bioavailability or
systemic clearance has yielded mixed results.

CYP3A4 genotypes. Much of the effort has been
focused on CYP3A4 because of the dominant role that
it plays in drug elimination. Numerous allelic variants
of CYP3A4 have been reported to the CYP allele Web
site.'*? One of the most common, CYP3A4*IB, repre-
sents a single base substitution in a putative response
element (NFSE) found in the 5'-flanking region of the
gene. Some studies have linked this allelic variant to
altered gene transcription and enzyme activity'**!3%;
however, other groups have failed to find a clear asso-
ciation at the in vitro'*'*” and in vivo level.'**'%°
Interpretation of the CYP3A4 genotype-phenotype ac-

tivity data is complicated by the presence of linkage
disequilibrium between the CYP3A4*IB allele and
other SNPs found in the CYP3A gene locus, including
a functionally significant mutation in the CYP3A5 gene
(CYP3A5%3).14!

A number of CYP3A4 coding mutations that result in
changes to the enzyme structure have also been discov-
ered, and some (CYP3A4*2, CYP3A4*17, CYP3A4*18)
appear to affect catalytic function in vitro.'**> However,
the frequency of these variations is relatively low, and
thus the association with altered in vivo metabolic
function remains undetermined.

CYP3A7 genotypes. Although the expression of
CYP3A7 in humans is repressed after birth'** and its
level in the adult liver is much less than that of
CYP3A4,'"* an unusual mutation in its 5’-flanking
region may confer significant expression in some indi-
viduals. A swap of 60 base pairs that includes the
proximal pregnane X receptor response element of the
CYP3A4 gene into the CYP3A7 gene (comprising 6
base substitutions) has been associated with higher
levels of CYP3A7 messenger ribonucleic acid in both
the liver'*''** and the small intestine.'** The frequency
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of the variant allele is relatively low (2% in white
subjects and 6% in black subjects), but it may contrib-
ute to an extreme phenotype with a higher than average
metabolic clearance of CYP3A substrates that has been
seen in large populations.'*!

CYP3AS5 genotypes. Only a fraction (approximately
10%-25%) of livers from donors with white European
ancestry express a level of CYP3AS5 protein that can be
readily detected by Western blot analysis.'*> The pri-
mary genetic basis for this distinctive phenotype is the
result of a single SNP found in intron 3 of the CYP3AS5
gene that causes aberrant messenger ribonucleic acid
splicing and predicted truncation of the CYP3AS5 pro-
tein. Additional mutations that are more common in
populations of African ancestry (CYP3A5*%6 and
CYP3A5%7) can also contribute to the low-expression
phenotype.'#!'%¢ A larger percentage of Africans and
black subjects express the CYP3AS enzyme (45%-
55%) than do white subjects, whereas the frequency in
Chinese subjects is predicted to fall in between.'?!

The presence of CYP3AS in the hepatic and intestinal
microsomal fractions has been associated with increased
metabolic activity toward some but not all CYP3A4 sub-
strates.'*” Tissues from donors with 1 or 2 copies of the
wild-type CYP3A5*] allele exhibit an intrinsic clearance
that can be 25% to 100% higher than that from donors
homozygous for the CYP3A5*3 allele, although consider-
able interindividual variability unrelated to the CYP3AS5
genotype exists. The most convincing evidence to suggest
that the CYP3A5*3 mutation affects drug disposition in
vivo comes from studies of tacrolimus kinetics in organ
transplant patients. Multiple groups of investigators have
found that individuals carrying the CYP3A5*I allele have
lower trough blood concentrations (normalized for dose)
than do CYP3A5*3 homozygotes.'**'>% The simplest in-
terpretation of the data is that patients with a functional
CYP3A5 allele have a higher capacity to metabolize ta-
crolimus, a known CYP3AS5 substrate,'” and that this
necessitates a higher oral dose to achieve blood levels
within a targeted therapeutic range. However, because
therapeutic blood level monitoring is performed routinely
in these patients to contend with the variability of genetic
and nongenetic (eg, induction, inhibition, pathophysio-
logic) origins, it is not clear whether genetic testing will
prove to be necessary. Given that patients with the
CYP3A5%*] allele were more likely to require a longer
time after transplantation to have a therapeutic blood
concentration than patients homozygous for the
CYP3A5%3 allele,'>* a prospective genetic test could re-
duce the time needed to attain a stable and effective blood
concentration, resulting in a favorable cost/benefit ratio.

Pharmacogencetics of dvug-metabolizing enzyymes: Workshop report 569

15001
c
T o
283 .
:!..Eg
T 52 ]
‘."86’1000
@ € X
Q0 o
S o & .
Vg & .
o o -
2 ol ']
E£XE 500+ ]
S50
c g<c
e 8
- Ak
0 Tatad —

*3/*3 *1/*3 *1/%1
CYP3AS5 intron 3 polymorphism

Fig 4. Dose-adjusted trough blood concentration of tacroli-
mus (in nanograms per milliliter per milligram per kilogram
body weight) according to CYP3AS intron 3 polymorphism,
G6986A (CYP3A5*3/%*3, n = 39; CYP3A5*1/*3,n = 9; and
CYP3A5%*1/*1, n = 2). Blood concentrations are adjusted to
the last dose. The mean values are indicated. (Reprinted with
permission from Haufroid V, Mourad M, Van Kerckhove V,
Wawrzyniak J, De Meyer M, Eddour DC, et al. The effect of
CYP3AS5 and MDR1 [ABCB1] polymorphisms on cyclospor-
ine and tacrolimus dose requirements and trough blood levels
in stable renal transplant patients. Pharmacogenetics 2004;14:
147-54.)

The effect of the CYP3A5*3 polymorphism on the
disposition of other CYP3A substrates has been less
conclusive. For example, with respect to the CYP3A
probe substrate midazolam, some investigators have
reported the predicted higher metabolic phenotype for
individuals carrying the CYP3A5*] allele,'”>'>® but
others have not.">’'*? It is not clear what distinguishes
midazolam from tacrolimus, because both drugs are
excellent substrates for CYP3AS and CYP3A4."*%1>3 1t
is possible there are additional factors yet to be de-
scribed that affect the in vivo disposition of one sub-
strate but not the other. For example, Katz et al'®® have
suggested that saturation of intestinal CYP3A4 activity
may be a necessary prerequisite for the CYP3AS5 phe-
notype to become apparent.

In summary, although genetic mutations in the CYP3A
genes can affect the metabolic fate of clinically important
drugs, it remains to be seen whether genetic testing will
prove to be a cost-effective approach to individualizing
drug therapy. Of the variant alleles that have been char-
acterized to date, mutations in the CYP3A5 gene appear to
be the most promising (Fig 4).

ABCB1 (MDR1)

Until recently, the role of transporters in drug dispo-
sition and response received limited attention relative to
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that of drug-metabolizing enzymes.'® The ABCBI
(multidrug resistance 1 [MDRI]) gene product
P-glycoprotein is the most widely studied drug trans-
porter and has a recognized role in the bioavailability
and biliary, intestinal, and renal excretion of numerous
drugs.'®*"1%* P_glycoprotein is also a major component
of the blood-brain, blood-testes, and maternal-fetal bar-
riers and limits both therapeutic and toxic responses of
drugs in the central nervous system, testes, and fetus.
Given the broad substrate specificity of P-glycoprotein,
variability in the expression or function of this trans-
porter is predicted to have a significant impact on drug
disposition and response.

Genetic variation in ABCBI has been reported by
numerous groups, and more than 50 variant sites are
listed at the Pharmacogenetics and Pharmacogenomics
Knowledge Base Web site.'®>'7°* Common coding re-
gion variants have been reported for the coding region
and 5'-untranslated region,'®>'”” and there are signifi-
cant differences in allele frequencies across various
ethnic groups. For example, the nonsynonymous
2677G<T allele is found at a frequency of 40% to 46%
in white subjects, Asian Americans, and Mexican
Americans and only 10% in black subjects. In contrast,
3421T<A is an African American—specific variant
found at a frequency of 11% in this population.

Investigation of the functional consequences of
P-glycoprotein coding SNPs suggests that the common
Ala893Ser variant has little effect on transporter func-
tion. Unfortunately, no validated assay for measuring
P-glycoprotein function exists, and variability in cell
culture models and transport assays makes these data
difficult to interpret. In a single report the 893Ser
variant of P-glycoprotein showed a significant increase
in function by use of digoxin as a substrate.'’® How-
ever, with the use of a variety of substrates, other
investigators have failed to find any difference in func-
tion between the reference and 893Ser variant of
P-glycoprotein.'®*!'7"!72 To date, there are no func-
tional data on the common African American
Ser1141Thr variant of P-glycoprotein.

Despite the lack of functional data supporting differ-
ences in transporter function for P-glycoprotein coding
region variants, numerous clinical studies have been
reported on the association of ABCBI SNPs with phar-
macokinetic, pharmacodynamic, and disease risk end-
points.'®>'%% An initial report by Hoffmeyer et al'®® in
2000 provided evidence that white subjects who are
homozygous for the synonymous 3435C<T variant
have decreased levels of intestinal P-glycoprotein and a
corresponding increase in digoxin maximum plasma
concentration values. However, follow-up studies have
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been inconclusive, with increased,'”> '  de-
creased,'”®!'”” and unchanged'”®!”® digoxin levels be-
ing reported for individuals with the 3435TT genotype.
Similar discordant data exist on the effect of ABCBI
genotype on the pharmacokinetics of fexofena-
dine,'’8  nelfinavir,'®"'82  cyclosporine  (INN,
ciclosporin),'®1% and tacrolimus.'®*19+1%° An in-
triguing association between ABCBI SNPs and drug-
resistant epilepsy has recently been reported; however,
these findings have not been confirmed in all subse-
quent studies.'”*2% Clearly, further investigation is
needed to define the impact, if any, of ABCBI poly-
morphisms on drug disposition and response.

In summary, despite extensive investigation during
the last 4 years, there is a lack of evidence supporting
a clear association between ABCBI genotype and clin-
ical drug response or toxicity. Several hurdles related to
the in vitro and in vivo study of transporter function
need to be overcome before this field will advance. In
contrast to drug metabolism, the study of drug trans-
porters is limited by the availability of specific and
sensitive transporter substrates and inhibitors. Whereas
digoxin and fexofenadine are two of the best-
characterized P-glycoprotein substrates, there is no sin-
gle pharmacokinetic parameter that robustly reflects
transporter function. This is one possible explanation
for the lack of an in vivo-in vitro correlation for
P-glycoprotein activity. Well-validated systems for the
functional analysis of transporters are also not avail-
able, making it difficult to correlate changes in deoxyri-
bonucleic acid sequence with alterations in transporter
function. The haplotype structure of ABCBI is com-
plex, and consideration of haplotypes instead of single
SNPs is likely to more accurately reflect transporter
function, 6169202204205 Therefore  collection of
ABCBI genotype-haplotype information in drug devel-
opment studies is currently considered exploratory. An
ongoing analysis of genotype-haplotype data coupled
to pharmacokinetic, pharmacodynamic, and toxicologic
phenotypes collected during drug development will fur-
ther our understanding of the importance of genetic
variation in ABCBI and other drug transporters in de-
termining variability in drug response.

DISCOVERY OF NEW PHARMACOGENETIC
VARIANTS DURING DRUG DEVELOPMENT

The use of pharmacogenetics in IND and NDA sub-
missions has until now focused largely on “known
valid” or “probable valid” biomarkers.””® The use of
pharmacogenetics in this way requires little or no novel
discovery of gene variants that influence drug response.
There are many indications, however, that in the near
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future applications of pharmacogenetics in drug devel-
opment will include an increasing emphasis on explicit
efforts either to refine probable or exploratory biomar-
kers or to identify novel ones.

There are a number of contexts in which this can be
expected to occur. In the simplest case this may take the
form of refining exploratory biomarkers already suggested
by earlier work, for example, variants in the ABCBI
gene.'® If there were reason to be concerned about the
role of variation in this gene, it would not be sufficient to
show no association with 3435C<T and not consider
variation in the gene any further. Similarly, it would be
equally insufficient to find association with the 3435C<T
variant and then propose it as diagnostic for drug response
because this polymorphism may not be causal. If a marker
is used diagnostically instead of the causal variant, there is
every reason to believe that it would not work consistently
across ethnic or racial groups because of varying patterns
of linkage disequilibrium. The example of situations such
as CYP2D6, in which the simple approach is often justi-
fied (eg, checking for association with null or reduced
activity genotypes), should not inform the approach taken
in situations in which our knowledge of the role of vari-
ation in the relevant gene is very limited and quite possi-
bly incorrect. Instead, these situations require a systematic
discovery effort. At the next level of complexity, we can
imagine situations in which a variable response to a com-
pound has been observed but relevant valid or even prob-
able biomarkers are not already known.

Finally, an argument could be made that some
straightforward discovery efforts should be carried out
even if the observed pattern of variation in a phase III
trial did not present a compelling case for pharmaco-
genetic investigation. Just because genetics is not
needed for drug development or approval, it does not
follow that genetics is irrelevant in the effort to clini-
cally optimize the use of the medicine. The strict in-
clusion and exclusion criteria of trials, as well as the
detailed response information normally collected,
present important opportunities for research that often
are not easily recapitulated once a drug goes to market.

For these reasons, we may assume that pharmacoge-
netics during drug development will include an increasing
effort to discover new variants. This raises the question of
how such discovery will be carried out, as well as how it
will be interpreted. The first question is whether to focus
on candidate genes (and pathways) or genome-wide anal-
yses, which are slowly becoming feasible. Although
genome-wide approaches will have their uses, it is possi-
ble to make a strong case that the obvious candidate
genes, such as the drug target (and associated pathway)
and genes encoding the major metabolizing enzymes, as
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well as transporters, should be investigated as a priority
for all prescription medicines.>”’

As one of many possible examples illustrating can-
didate gene approaches in pharmacogenetics, Tate et
al**® looked for genetic contributors to dose require-
ments of the antiepileptic drugs carbamazepine and
phenytoin. The phenotype considered was the maxi-
mum exposed dose during the regular clinical use of the
2 drugs. To identify gene variants associated with dose,
Tate et al looked at low-activity variants in CYP2C9
and the 3435 variant in the ABCBI gene. They also
considered the SCNIA gene, one of the genes encoding
the a-subunit of the voltage-gated sodium channel, the
target of both drugs. No common functional variation
was then known in the gene, so the authors used a
haplotype-tagging approach.?%%-2%°

The CYP2C9%*3 allele was found to be significantly
associated with the maximum exposed dose of phenyt-
oin, whereas one of the SNPs selected as a tag was
found to be significantly associated with the maximum
exposed dose for both carbamazepine and phenytoin.
This SNP was then shown to fall in the penultimate site
of the consensus sequence for the 5’ splice donor site of
an alternative (presumptively neonate) form of exon 5
not previously recognized. This example illustrates that
detailed haplotype analyses of obvious candidate genes
are likely to identify gene variants relevant to drug
response and increases the case for more discoveries
during the development of new medicines.

Whether the approach is based on candidate genes or,
ultimately, the whole genome, there are 2 methods that
may be used for comprehensive efforts to identify new
gene variants which are associated with drug responses,
often referred to as direct (or sequence-based) and indirect
(or map-based).?'° In the direct approach exhaustive dis-
covery of variants is performed in genes or gene regions
of particular relevance (eg, exons of the target of the drug,
relevant transporters) in either all or a subset of the rele-
vant individuals. In the indirect approach a set of variants
are selected in the gene to represent other variants through
linkage disequilibrium or the nonrandom association of
alleles at different loci. If the focus is on well-known
polymorphisms as opposed to one of these more compre-
hensive approaches, the study should be referred to as
candidate polymorphism instead of candidate gene, which
implies that variation in the gene has been comprehen-
sively assessed (in some fashion).

Linkage disequilibrium mapping has been exten-
sively reviewed,?''*!? and we will not reprise those
details here. Instead, we note a number of points of
particular relevance in pharmacogenetics. First, haplo-
type mapping methods should now be viewed as suf-
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ficient to represent common variation in genes of in-
terest by use of tagging SNPs selected in a reference
resource such as that provided by the HapMap
Project.'® As a rough indication of the efficiency that
may be expected, Ahmadi et al*'* considered 2100
kilobases of sequence composed of 55 important drug-
metabolizing enzymes. It was found that only 179 and
156 tagging SNPs are sufficient to represent all of the
common variations in these genes in European and
Japanese population samples, respectively, with a very
modest loss of power in comparison with direct assay
of all common SNPs in the region (SNPs with minor
allele frequency greater than approximately 0.05).
When it is noted that there are 4000 such common
SNPs predicted in relevant sequence intervals, the mag-
nitude of the economy provided by haplotype tagging
becomes readily apparent.

The important qualifications here are that (1) rare
variants are unlikely to be well represented and (2) the
ethnic structure of phase III populations will need to be
taken into account, because tagging SNPs do not trans-
fer directly across population or ethnic groups. When
Ahmadi et al*'* tested their tagging SNPs in an inde-
pendent population sample (ie, individuals drawn from
Aberdeen, Scotland, for tags selected in North Europe-
ans as represented in CEPH [The Foundation Jean
Dausset-Centre d’Etude du Polymorphisme Humain]),
it was found that all common SNPs were well repre-
sented. The SNPs with lower minor allele frequencies,
however, were very poorly represented. This would
imply that it may often be necessary to resequence
genes of particular significance.

Complications related to ethnic or racial diversity
may prove less of a long-term concern. For example,
Ahmadi et al*'* selected a set of SNPs that would
perform well in both the Japanese and the European
population samples. They found that only a modest
increase was required to define a set which would work
well across individuals drawn from both groups. Given
the rapidity with which many decisions need to be
made during the drug development process, there may
be an argument for the creation of panels of such
“cosmopolitan” tagging SNPs for genes of particular
pharmacologic significance. This way the panel could
simply be applied as opposed to being tailored to the
particular makeup of each trial population.

SUMMARY

Pharmacogenomic data can facilitate our understand-
ing of the sources of variability in drug response and
can potentially lead to improved safety and efficacy of
drug therapy for individual patients. Through various
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initiatives,*> the FDA is encouraging drug developers
to apply the rapidly evolving pharmacogenomic tools
and integrate these data into the evaluation of patient
variability. The FDA has clarified when these data are
required submissions and when they are exploratory
data that can be shared via a newly established process
(voluntary genomic submission).®’

Increasingly, pharmacogenetics and genomic infor-
mation are being included in drug labeling before mar-
ket approval (eg, trastuzumab [Herceptin; Genentech
Inc, South San Francisco, Calif], atomoxetine [Strat-
tera], and voriconazole [Vfend])?' or after approval,
when new information becomes available (eg, thiorid-
azine [Mellaril], 6-mercaptopurine [Purinethol], and
irinotecan [Camptosar]),21 so that health care providers
and patients have updated information on how genom-
ics, along with other factors (age, gender, hepatic, renal
impairment, concomitant medications, and others), can
influence individual responses. Various genomic tests
are being developed for use with the previously men-
tioned or other drug products. For example, a recently
approved chip provides genotyping of CYP2D6 and
CYP2C19.*'7 Another test was approved to provide
genotyping of UGTIAL.*"®

There are many challenges to the effective transla-
tion of pharmacogenomic information to clinical prac-
tice, and they need to be addressed before the full
potential of pharmacogenomics to optimize patient
therapy can be realized. This commentary addresses
one of the critical issues in the collection of pharma-
cogenomic data. Defining what basic polymorphic al-
leles to evaluate in various ethnic or racial groups is
important for common, known valid metabolic biomar-
kers such as CYP2D6, CYP2C9, CYP2CIl9, and
UGTIAI (Table III). It is also timely to discuss emerg-
ing data for exploratory biomarkers (eg, CYP3A4/3A5,
ABCBI, or methods involving tagging SNPs) because
their correlations with clinical response have been in-
creasingly evaluated during drug development.

Other clear challenges include the following: educa-
tion of health care providers and patients, insurance
coverage of pharmacogenomic tests, the availability of
robust and valid tests, and the need for an interdisci-
plinary counseling team approach to address complex
issues with individual patients. Many individuals and
organizations are working to remove these barriers to
full use of pharmacogenomics to improve public health.

Drs Flockhart, Goldstein, Huang, Kroetz, and Thummel have no
conflict of interest. Dr Ratain serves as a consultant to Prometheus
Therapeutics and Diagnostics, San Diego, Calif, and is a coinventor
on multiple issued and pending patents related to pharmacogenetic
testing. Dr Milos is an employee of Pfizer and holds stock options in



CLINICAL PHARMACOLOGY & THERAPEUTICS

2005;78(6):559-81

the company. Dr Anderson is an employee of AstraZeneca and holds
stock options in the company.

References

1.

10.

11.

12.

DiMasi JA, Hansen RW, Graboswki HG. The price of
innovation: new estimates of drug development costs.
J Health Econ 2003;22:151-85.

. Gilbert J, Henske P, Singh A. Rebuilding big pharma’s

business model. In: In vivo: the business & medicine
report. Vol. 21, No. 10. Norwalk (CT): Windhover
Information; 2003.

. Jenkins JK. Improving efficiency of drug development

and review. In: Proceedings of the International Con-
ference on Drug Development; 2004 Feb 25; Austin,
Tex. Austin: The Conference; 2004.

. FDA white paper. Innovation or stagnation: challenge

and opportunity on the critical path to new medical
products. 2004. Available from: URL:http://www.
fda.gov/oc/initiatives/criticalpath/whitepaper.html. Ac-
cessed March 25, 2005.

. FDA strategic action plan. Protecting and advancing

America’s health: responding to new challenges and
opportunities. August 2003. Available from: URL:
http://www.fda.gov/oc/mcclellan/strategic.html. Ac-
cessed March 25, 2005.

. Guidance for industry. Pharmacogenomic data submis-

sions. Posted March 22, 2005. Available from: URL:http://
www.fda.gov/cder/guidance/6400fnl.pdf. Accessed March
25, 2005.

. Guidance for industry. Attachment to guidance on phar-

macogenomic data submissions: examples of voluntary
submissions or submissions required under 21 CFR 312,
314, or 601. Posted March 22, 2005. Available from:
URL: http://www.fda.gov/cder/guidance/6400fnlAttch.
pdf. Accessed March 25, 2005.

. Salerno RA, Lesko LJ. Pharmacogenomic data: FDA

voluntary and required submission guidance. Pharma-
cogenomics 2004;5:503-5.

. Leighton JK, DeGeorge J, Jacobson-Kram D, MacGre-

gor J, Mendrick D, Worobec A. Pharmacogenomic data
submissions to the FDA: non-clinical case studies. Phar-
macogenomics 2004;5:507-11.

Ruafio G, Collins JM, Dorner AJ, Wang S-J, Guerciolini
R, Huang S-M. Pharmacogenomic data submissions to
the FDA: clinical pharmacology case studies. Pharma-
cogenomics 2004;5:513-7.

Trepicchio WL, Williams GA, Essayan D, Hall ST,
Harty LC, Shaw PM, et al. Pharmacogenomic data
submissions to the FDA: clinical case studies. Pharma-
cogenomics 2004;5:519-24.

FDA/Drug Information Association pharmacogenomics
workshop. Co-development of drug, biological and de-
vice products; 2004 Jul 29; Arlington, Va. Available
from:  URL:http://www.diahome.org/Content/Events/
04040.pdf. Accessed March 25, 2005.

13.

15.

16.

17.

18.

Pharmacogencetics of dvug-metabolizing enzyymes: Workshop report 573

Drug-diagnostic co-development concept paper. April
2005. Available from: URL:http://www.fda.gov/cder/
genomics/pharmacoconceptfn.pdf. Accessed April 22,
2005.

. Frueh FW, Huang S-M, Lesko LJ. Regulatory accep-

tance of toxicogenomics data. Environ Health Perspect
2004;112:A663-4.

Lesko LJ, Woodcock J. Translation of pharmacogenom-
ics and pharmacogenetics: a regulatory perspective. Nat
Rev Drug Discov 2004;3:763-70.

Huang S-M, Lesko LJ. Application of pharmacogenom-
ics in clinical pharmacology—in part I: molecular med-
icine, correlation between genes, diseases and biophar-
maceuticals. In: Knablein J, Muller RH, editors. Modern
biopharmaceuticals: design, development and optimiza-
tion. Hoboken (NJ): Wiley-VCH. In press.

Huang S-M. Regulatory issues in genotyping metabo-
lizing enzymes—CDER perspective. Presented at the
FDA/Pharmaceutical Research and Manufacturers of
America/Johns Hopkins University educational work-
shop; 2004 Sep 13-14; Rockville, Md. Available from:
URL:http://www .fda.gov/cder/offices/ocpb/workshops.
htm. Accessed June 2, 2005.

ICH ES. Guidance on ethnic factors in the acceptability
of foreign clinical data. 1998. Available from:
URL:http://www.fda.gov/cder/guidance/2293fnl.

pdf. Accessed March 26, 2005.

18a.Guidance for industry. ES—ethnic factors in the accept-

20.

21.

22.

23.

24,

ability of foreign clinical data. Questions and answers.
2004. Available from: URL:http://www.fda.gov/cder/
guidance/6200fnl.pdf. Accessed March 26, 2005.

. Clinical pharmacology and biopharmaceutics review

template. Issued April 27, 2004. Posted June 24, 2004.
Available from:URL: http://www.fda.gov/cder/mapp/
4000.4.pdf. Accessed March 26, 2005.

Guidance for industry. Exposure-response relation-
ships—study design, data analysis, and regulatory ap-
plications. Posted May 2003. Available from: URL:
http://www.fda.gov/cder/guidance/5341fnl.pdf. Ac-
cessed March 26, 2005.

Labeling information. Available from: URL:http://
www.fda.gov/cder/approval/index.htm or http://pdrel.
thomsonhc.com/pdrel/librarian (Physicians’ desk refer-
ence).

Chow M, Huang S-M, Sahajwalla C, Lesko LJ. An
informal survey of pharmacogenetics/pharmacogenom-
ics (PGTX) in a sample of INDs and NDAs [abstract].
Clin Pharmacol Ther 2003;73:P33.

Human cytochrome P450 (CYP) nomenclature commit-
tee Web site. Available from: URL:http://www.
imm.ki.se/cypalleles/. Accessed March 26, 2005.
Milos P. Special considerations for individual metabolic
biomarkers: CYP2C9. In: Proceedings of the FDA/
Pharmaceutical Research and Manufacturers of Amer-
ica/Johns Hopkins University educational workshop;
2004 Sep 13-14; Rockville, Md. Available from: URL:


http://www.fda.gov/oc/initiatives/criticalpath/whitepaper.html
http://www.fda.gov/oc/initiatives/criticalpath/whitepaper.html
http://www.fda.gov/oc/mcclellan/strategic.html
http://www.fda.gov/cder/guidance/6400fnl.pdf
http://www.fda.gov/cder/guidance/6400fnl.pdf
http://www.fda.gov/cder/guidance/6400fnlAttch.pdf
http://www.fda.gov/cder/guidance/6400fnlAttch.pdf
http://www.diahome.org/Content/Events/04040.pdf
http://www.diahome.org/Content/Events/04040.pdf
http://www.fda.gov/cder/genomics/pharmacoconceptfn.pdf
http://www.fda.gov/cder/genomics/pharmacoconceptfn.pdf
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/guidance/2293fnl.pdf
http://www.fda.gov/cder/guidance/2293fnl.pdf
http://www.fda.gov/cder/guidance/6200fnl.pdf
http://www.fda.gov/cder/guidance/6200fnl.pdf
http://www.fda.gov/cder/mapp/4000.4.pdf
http://www.fda.gov/cder/mapp/4000.4.pdf
http://www.fda.gov/cder/guidance/5341fnl.pdf
http://www.fda.gov/cder/approval/index.htm
http://www.fda.gov/cder/approval/index.htm
http://pdrel.thomsonhc.com/pdrel/librarian
http://pdrel.thomsonhc.com/pdrel/librarian
http://www.imm.ki.se/cypalleles/
http://www.imm.ki.se/cypalleles/

574  Andersson et al

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

http://www.fda.gov/cder/offices/ocpb/workshops.htm.
Accessed June 2, 2005.

Goldstein JA, de Morais SM. Biochemistry and molec-
ular biology of the human CYP2C subfamily. Pharma-
cogenetics 1994;4:285-99.

Rettie AE, Wienkera LC, Gonzalez FT, Trager WF,
Korzekwa KR. Impaired (S)-warfarin metabolism cata-
lyzed by the R144C allelic variant of CYP2C9. Phar-
macogenetics 1994;4:39-42.

Sullivan-Klose TH, Ghanayem BI, Bell DA, Zhang 7Y,
Kaminsky LS, Shenfield GM, et al. The role of the
CYP2C9 Leu359 allelic variant in the tolbutamide poly-
morphism. Pharmacogenetics 1996;6:341-9.

Imai J, leiri I, Mamiya K, Miyahara S, Furuumi H,
Nanba E, et al. Polymorphism of the cytochrome P450
(CYP) 2C9 gene in Japanese epileptic patients: genetic
analysis of the CYP2C9 locus. Pharmacogenetics 2000;
10:85-9.

Dickmann LJ, Rettie AE, Kneller MB, Kim RB, Wood
AlJ, Stein CM, et al. Identification and functional char-
acterization of a new CYP2C9 variant (CYP2C9 *5)
expressed among African Americans. Mol Pharmacol
2001;60:382-7.

Kidd RS, Curry TB, Gallagher S, Edeki T, Blaisdell J,
Goldstein JA. Identification of a null allele of CYP2C9
in an African-American exhibiting toxicity to phenyt-
oin. Pharmacogenetics 2001;11:803-8.

Aithal GP, Day CP, Kesteven PJ, Daly AK. Association
of polymorphisms in the cytochrome P450 CYP2C9
with warfarin dose requirement and risk of bleeding
complications. Lancet 1999;353:717-9.

Tabrizi AR, Zehnbauer BA, Borecki IB, McGrath SD,
Buchman TG, Freeman BD. The frequency and effects
of cytochrome P450 (CYP) 2C9 polymorphisms in pa-
tients receiving warfarin. J] Am Coll Surg 2002;194:
267-73.

Higashi MK, Veenstra DL, Kondo LM, Wittkowsky
AK, Srinouanprachanh SL, Farin FM, et al. Association
between CYP2C9 genetic variants and anticoagulation-
related outcomes during warfarin therapy. JAMA 2002;
287:1690-8.

Shintani M, Ieiri I, Inoue K, Mamiya K, Ninomiya H,
Tashiro N, et al. Genetic polymorphisms and functional
characterization of the 5° flanking region of the human
CYP2C9 gene: in vitro and in vivo studies. Clin Phar-
macol Ther 2001;70:175-82.

Andersson T. Special considerations for individual met-
abolic biomarkers: CYP2C19. In: Proceedings of the
FDA/Pharmaceutical Research and Manufacturers of
America/Johns Hopkins University educational work-
shop; 2004 Sep 13-14; Rockville, Md. Available from:
URL:http://www.fda.gov/cder/offices/ocpb/workshops.
htm.Accessed June 2, 2005.

Flockhart D. Special considerations for individual met-
abolic biomarkers: CYP2D6. In: Proceedings of the
FDA/Pharmaceutical Research and Manufacturers of

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

CLINICAL PHARMACOLOGY & THERAPEUTICS
DECEMBER 2005

America/Johns  Hopkins  University  educational
workshop; 2004 Sep 13-14; Rockville, Md. Available
from:
URL:http://www.fda.gov/cder/offices/ocpb/workshops.
htm. Accessed June 2, 2005.

Ratain M. Special considerations for individual meta-
bolic biomarkers: UGT1Al. In: Proceedings of the
FDA/Pharmaceutical Research and Manufacturers of
America/Johns Hopkins University educational work-
shop; 2004 Sep 13-14; Rockville, Md. Available from:
URL:http://www.fda.gov/cder/offices/ocpb/workshops.
htm. Accessed June 2, 2005.

Kiipfer A, Preisig R. Pharmacogenetics of mepheny-
toin: a new drug hydroxylation polymorphism in man.
Eur J Clin Pharmacol 1984;26:753-9.

Goldstein JA, Ishizaki T, Chiba K, Morais SMF, Bell D,
Krahn PM, et al. Frequencies of the defective CYP2C19
alleles responsible for the mephenytoin poor metabo-
lizer phenotype in various Oriental, Caucasians, Saudi
Arabians and American black populations. Pharmaco-
genetics 1997;7:59-64.

Meier UT, Meyer UA. Genetic polymorphism of human
cytochrome P-450/(S)-mephenytoin  4-hydroxylase.
Studies with human autoantibodies suggest a function-
ally altered cytochrome P-450 isozyme as cause of the
genetic deficiency. Biochemistry 1987;26:8466-74.
Wrighton SA, Stevens JC, Becker GW, VandenBranden
M. Isolation and characterization of human liver cyto-
chrome P450 2C19; correlation between 2C19 and
S-mephenytoin 4’-hydroxylation. Arch Biochem Bio-
phys 1993;306:240-5.

Blaisdell J, Mohrenweiser H, Jackson J, Ferguson S,
Coulter S, Chanas B, et al. Identification and functional
characterization of new potentially defective alleles of
human CYP2C19. Pharmacogenetics 2002;12:703-11.
Desta Z, Zhao X, Shin JG, Flockhart DA. Clinical
significance of the cytochrome P450 2C19 genetic poly-
morphism. Clin Pharmacokinet 2002;41:913-58.

Inaba T, Jorge LF, Arias TD. Mephenytoin hydroxyla-
tion in the Cuna Amerindians of Panama. Br J Clin
Pharmacol 1988;25:75-9.

Kaneko A, Laneko O, Taleo G, Bjorkman A, Kobay-
akawa T. High frequencies of CYP2C19 mutations and
poor metabolism of proguanil in Vanuatu. Lancet 1999;
349:921-2.

Sim SCM, Aklillu E, Edwards RJ, Ahlberg S, Bertilsson
L, Ingelman-Sundberg M. Identification of an
CYP2C19 allele (CYP2C19*1D) causing enhanced ex-
pression. In: Proceedings of the International Sympo-
sium on Microsomes and Drug Oxidations; 2004 Jul
4-9; Mainz, Germany. Mainz: The Symposium; 2004.
Ferguson RJ, De Morais SMF, Benhamou S, Bouchardy
C, Blaisdell J, Ibeanu G, et al. A new genetic defect in
human CYP2CI9: mutation of the initiation codon is
responsible for poor metabolism of S-mephenytoin.
J Pharmacol Exp Ther 1998;284:356-61.


http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm

CLINICAL PHARMACOLOGY & THERAPEUTICS

2005;78(6):559-81

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ibeanu GC, Blaisdell J, Ferguson RJ, Ghanayem BI,
Brosen K, Benhamou S, et al. A novel transversion in
the intron 5 donor splice junction of CYP2C19 and a
sequence polymorphism in exon 3 contribute to the poor
metabolizer phenotype for the anticonvulsant drug
S-mephenytoin. J Pharmacol Exp Ther 1999;290:635-
40.

Ibeanu GC, Blaisdell J, Ghanayem BI, Beyeler C, Ben-
hamou S, Bouchardy C, et al. An additional defective
allele, CYP2C19*5, contributes to the S-mephenytoin
poor metabolizer phenotype in Caucasians. Pharmaco-
genetics 1998;8:129-35.

Ibeanu GC, Goldstein JA, Meyer U, Benhamou S, Bou-
chardy C, Dayer P, et al. Identification of new human
CYP2C19 alleles (CYP2C19%6 and CYP2C19%*2B) in a
Caucasian poor metabolizer of mephenytoin. J Pharma-
col Exp Ther 1998;286:1490-5.

Goldstein JA, Faletto MB, Romkes-Sparks M, Sullivan
T, Kitareewan S, et al. Evidence that CYP2C19 is the
major (S)-mephenytoin 4’-hydroxylase in humans. Bio-
chemistry 1994;33:1743-52.

Hoskins JM, Shenfield GM, Gross AS. Relationship
between proguanil metabolic ratio and CYP2C19 geno-
type in a Caucasian population [published erratum ap-
pears in Br J Clin Pharmacol 1999;4:603]. Br J Clin
Pharmacol 1998;46:499-504.

Andersson T, Regardh CG, Dahl-Puustinen ML, Ber-
tilsson L. Slow omeprazole metabolizers are also poor
S-mephenytoin hydroxylators. Ther Drug Monit 1990;
12:415-6.

Chang M, Tybring G, Dahl ML, Gotharson E, Sagar M,
Seensalu R, et al. Interphenotype differences in dispo-
sition and effect on gastrin levels of omeprazole—
suitability of omeprazole as a probe for CYP2C19. BrJ
Clin Pharmacol 1995;39:511-8.

Ieiri I, Kubota T, Urae A, Kimura M, Wada Y, Mamiya
K, et al. Pharmacokinetics of omeprazole (a substrate of
CYP2C19) and comparison with two mutant alleles,
CYP2C19ml in exon 5 and CYP2CI9m2 in exon 4, in
Japanese subjects. Clin Pharmacol Ther 1996;59:647-
53.

Andersson T, Holmberg J, Rohss K, Walan A. Pharma-
cokinetics and effect on caffeine metabolism of the
proton pump inhibitors, omeprazole, lansoprazole, and
pantoprazole. Br J Clin Pharmacol 1998;45:369-75.
Katsuki H, Nakamura C, Arimori K, Fujiyama S, Na-
kano M. Genetic polymorphism of CYP2C19 and lan-
soprazole pharmacokinetics in Japanese subjects. Eur
J Clin Pharmacol 1997;52:391-6.

Ishizaki T, Sohn DR, Kobayashi K, Chiba K, Lee KH,
Shin SG, et al. Interethnic differences in omeprazole
metabolism in the two S-mephenytoin hydroxylation
phenotypes studied in Caucasians and Orientals. Ther
Drug Monit 1994;16:214-5.

Wedlund PJ. The CYP2C19 enzyme polymorphism.
Pharmacology 2000;61:174-83.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Pharmacogenetics of drug-metabolizing enzyymes: Workshop veport 575

Venkatakrishnan K, Greenblatt DJ, von Moltke LL,
Schmider J, Harmatz JS, Shader RI. Five distinct human
cytochromes mediate amitriptyline N-demethylation in
vitro: dominance of CYP 2C19 and 3A4. J Clin Phar-
macol 1998;38:112-21.

Nielsen KK, Flinois JP, Beaune PH, Brosen K. The
biotransformation of clomipramine in vitro, identifica-
tion of the cytochrome P450s responsible for the sepa-
rate metabolic pathways. J Pharmacol Exp Ther 1996;
277:1659-64.

Koyama E, Tanaka T, Chiba K, Kawakatsu S, Morinobu
S, Totsuka S, et al. Steady-state plasma concentrations
of imipramine and desipramine in relation to
S-mephenytoin 4’-hydroxylation status in Japanese de-
pressive patients. J Clin Psychopharmacol 1996;16:286-
93.

Koyama E, Chiba K, Tani M, Ishizaki T. Reappraisal of
human CYP450 isoforms involved in imipramine
N-demethylation and 2-hydroxylation: a study using
microsomes obtained from putative extensive and poor
metabolizers of S-mephenytoin and eleven recombinant
human CYP450s. J Pharmacol Exp Ther 1997;281:
1199-210.

Eap CB, Bender S, Gastpar M, Fischer W, Haarmann C,
Powell K, et al. Steady state plasma levels of the enan-
tiomers of trimipramine and of its metabolites in
CYP2D6-, CYP2C19- and CYP3A4/5-phenotyped pa-
tients. Ther Drug Monit 2000;22:209-14.

Fukuda T, Yamamoto I, Nishida Y, Zhou Q, Ohno M,
Takada K, et al. Effect of the CYP2D6*10 genotype on
venlafaxine pharmacokinetics in healthy adult volun-
teers. Br J Clin Pharmacol 1999;47:450-3.

Morinobu S, Tanaka T, Kawakatsu S, Totsuka S,
Koyama E, Chiba K, et al. Effects of genetic defects in
the CYP2C19 gene on the N-demethylation of imipra-
mine, and clinical outcome of imipramine therapy. Psy-
chiatry Clin Neurosci 1997;51:253-7.

Glassman AH, Perel JM, Shostak M, Kantor SJ, Fleiss
JL. Clinical implications of imipramine plasma levels
for depressive illness. Arch Gen Psychiatry 1977;34:
197-204.

Kantor SJ, Glassman AH, Bigger JT Jr, Perel JM, Gi-
ardina EV. The cardiac effects of therapeutic plasma
concentrations of imipramine. Am J Psychiatry 1978;
135:534-8.

Caccia S. Metabolism of the newer antidepressants: an
overview of the pharmacological and pharmacokinetic
implications. Clin Pharmacokinet 1998;34:281-302.
Madsen H, Hansen TS, Brosen K. Imipramine metabo-
lism in relation to the sparteine oxidation polymor-
phism: a family study. Pharmacogenetics 1996;6:513-9.
Kirchheiner J, Brosen K, Dahl ML, Gram LF, Kasper S,
Roots I, et al. CYP2D6 and CYP2C19 genotype-based
dose recommendations for antidepressants: a first step
towards subpopulation-specific dosages. Acta Psychiatr
Scand 2001;104:173-92.



576 Andersson et al

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Liu ZQ, Cheng ZN, Huang SL, Chen XP, Ou-Yang DS,
Jiang CH, et al. Effect of the CYP2C19 oxidation poly-
morphism on fluoxetine metabolism in Chinese healthy
subjects. Br J Clin Pharmacol 2001;52:96-9.

Sindrup SH, Brosen K, Hansen MG, Aaes-Jorgensen T,
Overo KF, Gram LF. Pharmacokinetics o citalopram in
relation to the sparteine and the mephenytoin oxidation
polymorphisms. Ther Drug Monit 1993;15:11-7.
Wang JH, Liu ZQ, Wang W, Chen XP, Shu Y, He N, et
al. Pharmacokinetics of sertraline in relation to genetic
polymorphism of CYP2C19. Clin Pharmacol Ther
2001;70:42-7.

Knodell RG, Dubey RK, Wilkinson GR, Guengerich
FP. Oxidative metabolism of hexobarbital in human
liver: relationship to polymorphic S-mephenytoin
4-hydroxylation. J Pharmacol Exp Ther 1988;245:
845-9.

Kaminsky LS, de Morais SM, Faletto MB, Dunbar DA,
Goldstein JA. Correlation of human cytochrome P450C
substrate specificities with primary structure: warfarin
as a probe. Mol Pharmacol 1993;43:234-9.

Ieiri I, Mamiya K, Urae A, Wada Y, Kimura M, Irie S,
et al. Stereoselective 4’-hydroxylation of phenytoin:
relationship to (S)-mephenytoin polymorphism in Jap-
anese. Br J Clin Pharmacol 1997;43:441-5.

Andersson T, Miners JO, Veronese ME, Birkett DJ.
Diazepam metabolism by human liver microsomes is
mediated by both S-mephenytoin hydroxylase and
CYP3A isoforms. Br J Clin Pharmacol 1994;38:131-7.
Bertilsson L, Henthorn TK, Sanz E, Tybring G, Sawe J,
Villen T. Importance of genetic factors in the regulation of
diazepam metabolism: relationship to S-mephenytoin, but
not debrisoquine, hydroxylation phenotype. Clin Pharma-
col Ther 1989;45:348-55.

Caraco Y, Tateishi T, Wood AlJ. Interethnic differences
in omeprazole’s inhibition of diazepam metabolism.
Clin Pharmacol Ther 1995;58:62-72.

Furuta T, Ohashi K, Kamata T, Takashima M, Kosuge
K, Kawasaki T, et al. Effect of genetic differences in
omeprazole metabolism on cure rates for Helicobacter
pylori infection and peptic ulcer. Ann Intern Med 1998;
129:1027-30.

Furuta T, Shirai N, Takashima M, Xiao F, Hanai H,
Nakagawa K, et al. Effects of genotypic differences in
CYP2C19 status on cure rates for Helicobacter pylori
infection by dual therapy with rabeprazole plus amoxi-
cillin. Pharmacogenetics 2001;11:341-8.

Furuta T, Shirai N, Watanabe F, Honda S, Takeuchi K,
lida T, et al. Effect of cytochrome P4502C19 genotypic
differences on cure rates for gastroesophageal reflux
disease by lansoprazole. Clin Pharmacol Ther 2002;72:
453-60.

Mahgoub A, Idle JR, Dring LG, Lancaster R, Smith RL.
Polymorphic hydroxylation of debrisoquine in man.
Lancet 1977;2:584-6.

85.

CLINICAL PHARMACOLOGY & THERAPEUTICS
DECEMBER 2005

Eichelbaum M, Spannbrucker N, Steincke B, Dengler HJ.
Defective N-oxidation of sparteine in man: a new pharma-
cogenetic defect. Eur J Clin Pharmacol 1979;16:183-7.

85a.Available from: URL:www.drug-interactions.com. Ac-

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

cessed June 2, 2005.

Birgersdotter UM, Wong W, Turgeon J, Roden DM.
Stereoselective genetically-determined interaction be-
tween chronic flecainide and quinidine in patients with
arrthythmias. Br J Clin Pharmacol 1992;33:275-80.
McGourty JC, Silas JH, Fleming JJ, McBurney A, Ward
JW. Pharmacokinetics and beta-blocking effects of
timolol in poor and extensive metabolizers of debriso-
quin. Clin Pharmacol Ther 1985;38:409-13.

Edeki TI, He H, Wood AJ. Pharmacogenetic explana-
tion for excessive beta-blockade following timolol eye
drops. Potential for oral-ophthalmic drug interaction.
JAMA 1995;274:1611-3.

Caraco Y, Sheller J, Wood AJ. Pharmacogenetic deter-
mination of the effects of codeine and prediction of drug
interactions. J Pharmacol Exp Ther 1996;278:1165-74.
Paar WD, Poche S, Gerloff J, Dengler HJ. Polymorphic
CYP2D6 mediates O-demethylation of the opioid anal-
gesic tramadol. Eur J Clin Pharmacol 1997;53:235-9.
Stearns V, Johnson MD, Rae JM, Morocho A, Novielli
A, Bhargava P, et al. Active tamoxifen metabolite
plasma concentrations after coadministration of tamox-
ifen and the selective serotonin reuptake inhibitor par-
oxetine. J Natl Cancer Inst 2003;95:1758-64.

Gaedigk A, Blum M, Gaedigk R, Eichelbaum M, Meyer
UA. Deletion of the entire cytochrome P450 CYP2D6
gene as a cause of impaired drug metabolism in poor
metabolizers of the debrisoquine/sparteine polymor-
phism. Am J Hum Genet 1991;48:943-50.

Johansson I, Lundqvist E, Bertilsson L, Dahl ML, Sjo-
qvist F, Ingelman-Sundberg M. Inherited amplification
of an active gene in the cytochrome P450 CYP2D6
locus as a cause of ultrarapid metabolism of debriso-
quine. Genetics 1993;90:11825-9.

Bathum L, Johansson I, Ingelman-Sundberg M, Horder
M, Brosen K. Ultrarapid metabolism of sparteine: fre-
quency of alleles with duplicated CYP2D6 genes in a
Danish population as determined by restriction frag-
ment length polymorphism and long polymerase chain
reaction. Pharmacogenetics 1998;8:119-23.

Bernal ML, Sinues B, Johansson I, McLellan RA, Wen-
nerholm A, Dahl ML, et al. Ten percent of North
Spanish individuals carry duplicated or triplicated
CYP2D6 genes associated with ultrarapid metabolism
of debrisoquine. Pharmacogenetics 1999;9:657-60.
Lundqvist E, Johansson I, Ingelman-Sundberg M. Ge-
netic mechanisms for duplication and multiduplication
of the human CYP2D6 gene and methods for detection
of duplicated CYP2D6 genes. Gene 1999;226:327-38.
Available from: URL:http://www.imm.ki.se/CYPAlleles.
Accessed June 2, 2005.


http://www.drug-interactions.com
http://www.imm.ki.se/CYPAlleles

CLINICAL PHARMACOLOGY & THERAPEUTICS

2005;78(6):559-81

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Aklillu E, Herrlin K, Gustafsson LL, Bertilsson L,
Ingelman-Sundberg M. Evidence for environmental in-
fluence on CYP2D6-catalysed debrisoquine hydroxyla-
tion as demonstrated by phenotyping and genotyping of
Ethiopians living in Ethiopia or in Sweden. Pharmaco-
genetics 2002;12:375-83.
Wan YJ, Poland RE, Han G, Konishi T, Zheng YP,
Berman N, et al. Analysis of the CYP2D6 gene poly-
morphism and enzyme activity in African-Americans
in southern California. Pharmacogenetics 2001;11:
489-99.
Nishida Y, Fukuda T, Yamamoto I, Azuma J. CYP2D6
genotypes in a Japanese population: low frequencies of
CYP2D6 gene duplication but high frequency of
CYP2D6*10. Pharmacogenetics 2000;10:567-70.
Gaedigk A, Bradford LD, Marcucci KA, Leeder JS.
Unique CYP2D6 activity distribution and genotype-
phenotype discordance in black Americans. Clin Phar-
macol Ther 2002;72:76-89.
Hou ZY, Pickle LW, Meyer PS, Woosley RL. Salivary
analysis for determination of dextromethorphan meta-
bolic phenotype. Clin Pharmacol Ther 1991;49:410-9.
Rowland K, Ellis SW, Lennard MS, Tucker GT. Char-
acterization of the enantioselective metabolism of meto-
prolol by CYP2D6 expressed in yeast. In: Proceedings
of the BPS 1994; 165P.
Johnson JA, Burlew BS. Metoprolol metabolism via
cytochrome P4502D6 in ethnic populations. Drug
Metab Dispos 1996;24:350-5.
Raimundo S, Fischer J, Eichelbaum M, Griese EU,
Schwab M, Zanger UM. Elucidation of the genetic basis
of the common ’intermediate metabolizer’ phenotype
for drug oxidation by CYP2D6. Pharmacogenetics
2000;10:577-81.
Raimundo S, Toscano C, Klein K, Fischer J, Griese EU,
Eichelbaum M, et al. A novel intronic mutation,
2988G <A, with high predictivity for impaired function
of cytochrome P450 2D6 in white subjects. Clin Phar-
macol Ther 2004;76:128-38.
Masimirembwa C, Persson I, Bertilsson L, Hasler JA,
Ingelman-Sundberg M. A novel mutant variant of the
CYP2D6 gene (CYP2D6*17) common in a black Afri-
can population: association with diminished debriso-
quine hydroxylase activity. Br J Clin Pharmacol 1996;
42:713-9.
Panserat S, Sica L, Gerard N, Mathieu H, Jacqz-Aigrain
E, Krishnamoorthy R. CYP2D6 polymorphism in a
Gabonese population: contribution of the CYP2D6%*2
and CYP2D6*17 alleles to the high prevalence of the
intermediate metabolic phenotype. Br J Clin Pharmacol
1999:47:121-4.
Yue QY, Zhong ZH, Tybring G, Dalen P, Dahl ML,
Bertilsson L, et al. Pharmacokinetics of nortriptyline
and its 10-hydroxy metabolite in Chinese subjects of
different CYP2D6 genotypes. Clin Pharmacol Ther
1998;64:384-90.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Pharmacogencetics of drug-metabolizing enzyymes: Workshop veport 577

Mihara K, Suzuki A, Kondo T, Yasui N, Furukori H,
Nagashima U, et al. Effects of the CYP2D6*10 allele on
the steady-state plasma concentrations of haloperidol
and reduced haloperidol in Japanese patients with
schizophrenia. Clin Pharmacol Ther 1999;65:291-4.
Yoon YR, Cha 1J, Shon JH, Kim KA, Cha YN, Jang 1J,
et al. Relationship of paroxetine disposition to metopro-
lol metabolic ratio and CYP2D6*10 genotype of Korean
subjects. Clin Pharmacol Ther 2000;67:567-76.
Johansson I, Yue QY, Dahl ML, Heim M, Sawe J,
Bertilsson L, et al. Genetic analysis of the interethnic
difference between Chinese and Caucasians in the poly-
morphic metabolism of debrisoquine and codeine. Eur
J Clin Pharmacol 1991;40:553-6.

Evans WE, Relling MV, Rahman A, McLeod HL, Scott
EP, Lin JS. Genetic basis for a lower prevalence of
deficient CYP2D6 oxidative drug metabolism pheno-
types in black Americans. J Clin Invest 1993;91:
22150-4.

Furman KD, Grimm DR, Mueller T, Holley-Shanks
RR, Bertz RJ, Williams LA, et al. Impact of CYP2D6
intermediate metabolizer alleles on single-dose desipra-
mine pharmacokinetics. Pharmacogenetics 2004;14:
279-84.

Lennard MS, Iyun AO, Jackson PR, Tucker GT, Woods
HF. Evidence for a dissociation in the control of
sparteine, debrisoquine and metoprolol metabolism in
Nigerians. Pharmacogenetics 1992;2:89-92.

Ikenaga Y, Fukuda T, Fukuda K, Nishida Y, Naohara
M, Maune H, et al. The frequency of candidate alleles
for CYP2D6 genotyping in the Japanese population
with an additional respect to the -1584C to G substitu-
tion. Drug Metab Pharmacokinet 2005;20:113-6.

Iyer L, King CD, Whitington PF, Green MD, Roy SK,
Tephly TR, et al. Genetic predisposition to the metab-
olism of irinotecan (CPT-11). Role of uridine diphos-
phate glucuronosyltransferase isoform 1Al in the glu-
curonidation of its active metabolite (SN-38) in human
liver microsomes. J Clin Invest 1998;101:847-54.
Thorn CF, Carrillo MW, Ramirez J, Marsh S, Schuetz
EG, Dolan ME, et al. Irinotecan pathway. Last updated
March 10, 2005. Available from: URL:http://www.
pharmgkb.org/search/pathway/irinotecan/liver.jsp. Ac-
cessed June 2, 2005.

Gupta E, Lestingi TM, Mick R, Ramirez J, Vokes EE,
Ratain MJ. Metabolic fate of irinotecan in humans:
correlation of glucuronidation with diarrhea. Cancer
Res 1994;54:3723-5.

Sai K, Saeki M, Saito Y, Ozawa S, Katori N, Jinno H,
et al. UGT1A1 haplotypes associated with reduced glu-
curonidation and
irinotecan-administered Japanese patients with cancer.
Clin Pharmacol Ther 2004;75:501-15.

Ando Y, Saka H, Ando M, Sawa T, Muro K, Ueoka H,
et al. Polymorphisms of UDP-glucuronosyl-transferase

increased serum Dbilirubin in


http://www.pharmgkb.org/search/pathway/irinotecan/liver.jsp
http://www.pharmgkb.org/search/pathway/irinotecan/liver.jsp
http://www.pharmgkb.org/search/pathway/irinotecan/liver.jsp

578 Andersson et al

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

gene and irinotecan toxicity: a pharmacogenetic
analysis. Cancer Res 2000;60:6921-6.

Innocenti F, Undevia SD, Iyer L, Chen PX, Das S,
Kocherginsky M, et al. Genetic variants in the UDP-
glucuronasyltransferase 1A1 gene predict the risk of
severe neutropenia of irinotecan. J Clin Oncol 2004;22:
1382-8.

Iyer L, Das S, Janisch L, Wen M, Ramirez J, Karrison
T, et al. UGT1A1%¥28 polymorphisms as a determinant
of irinotecan disposition and toxicity. Pharmacogenom-
ics J 2002;2:43-7.

Mathijssen RHJ, Marsh S, Karlsson MO, Xie R, Baker
SD, Verweij J, et al. Irinotecan pathway genotype anal-
ysis to predict pharmacokinetics. Clin Cancer Res 2003;
9:3246-53.

Font A, Sanchez JM, Tarén M, Martinez-Balibrea ER,
Sanchez JJ, Manzano JL, et al. Weekly regimen of
irinotecan docetaxel in previously treated non-small cell
lung cancer and correlation with uridine diphosphate
glucuronysyltransferase 1A1 (UGT1A1l) polymor-
phism. Invest New Drugs 2003;21:435-43.

Paoluzzi L, Singh AS, Price DK, Danesi R, Mathijssen
RH, Verweij J, et al. Influence of genetic variants in
UGT1A1 and UGT1A9 on the in vivo glucuronidation
of SN-38. J Clin Pharmacol 2004;44:854-60.

Rouits E, Boisdron-Celle M, Dumont A, Guérin O,
Morel A, Gamelin E. Relevance of different UGT1A1
polymorphisms in irinotecan-induced toxicity: a molec-
ular and clinical study of 75 patients. Clin Cancer Res
2004;10:5151-9.

Marcuello E, Altés A, Menoyo A, del Rio E, Gémez-
Pardo M, Baiget M. UGT1AI1 gene variations and iri-
notecan treatment in patients with metastatic colorectal
cancer. Br J Cancer 2004:1-5.

Iyer L, Hall D, Das S, Mortell MA, Ramirez J, Kim
S, et al. Phenotype-genotype correlation of in vitro
SN-38 (active metabolite of irinotecan) and bilirubin
glucuronidation in human liver tissue with UGT1A1
promoter polymorphism. Clin Pharmacol Ther 1999;
65:576-82.

Thummel K. Significance of polymorphisms in CYP3A
subfamilies. In: Proceedings of the FDA/Pharmaceuti-
cal Research and Manufacturers of America/Johns Hop-
kins University Educational Workshop; 2004 Sep 13-
14; Rockville, Md.

Lamba JK, Lin YS, Schuetz EG, Thummel KE. Genetic
contribution to variable CYP3A-mediated metabolism.
Adv Drug Deliv Rev 2002;54:1271-94.

Ozdemir V, Kalowa W, Tang BK, Paterson AD, Walker
SE, Endrenyi L, et al. Evaluation of the genetic com-
ponent of variability in CYP3A4 activity: a repeated
drug administration method. Pharmacogenetics 2000;
10:373-88.

Available from: URL:http://www.imm.ki.se/CYPalleles/
cyp3ad.htm.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

CLINICAL PHARMACOLOGY & THERAPEUTICS
DECEMBER 2005

Rebbeck TR, Jaffe JM, Walker AH, Wein AJ, Malkow-
icz SB. Modification of clinical presentation of prostate
tumors by a novel genetic variant in CYP3A4. J Natl
Cancer Inst 1998;90:1225-9.

Amirimani B, Walker AH, Weber BL, Rebbeck TR.
Response: re: modification of clinical presentation of
prostate tumors by a novel genetic variant in CYP3A4
[letter]. J Natl Cancer Inst 1999;91:1588-90.

Ando Y, Tateishi T, Sekido Y, Yamamoto T, Satoh T,
Hasegawa Y, et al. Re: modification of clinical presen-
tation of prostate tumors by a novel genetic variant in
CYP3A4 [letter]. J Natl Cancer Inst 1999;91:1587-90.
Lamba JK, Lin YS, Thummel K, Daly A, Watkins PB,
Strom S, et al. Common allelic variants of cytochrome
P4503A4 and their prevalence in different populations.
Pharmacogenetics 2002;12:121-32.

Ball SE, Scatina J, Kao J, Ferron GM, Fruncillo R,
Mayer P, et al. Population distribution and effects on
drug metabolism of a genetic variant in the 5’ promotor
region of CYP3A4. Clin Pharmacol Ther 1999;66:288-
94.

Garcia-Martin E, Martinez C, Pizarro RM, Garcia-
Gamito FJ, Gullsten H, Raunio H, et al. CYP3A4 vari-
ant alleles in white individuals with low CYP3A4 en-
zyme activity. Clin Pharmacol Ther 2002;71:196-204.
Wandel C, Witte JS, Hall JM, Stein CM, Wood AJ,
Wilkinson GR. CYP3A activity in African American
and European American men: population differences
and functional effect of the CYP3A4*1B 5 -promoter
region polymorphism. Clin Pharmacol Ther 2000;
68:82-91.

Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz
J, et al. Sequence diversity in CYP3A promoters and
characterization of the genetic basis of polymorphic
CYP3AS expression. Nat Genet 2001;27:383-91.

de Wildt SN, Kearns GL, Leeder JS, van den Anker JN.
Cytochrome P450 3A: ontogeny and drug disposition.
Clin Pharmacokinet 1999;37:485-505.

Stevens JC, Hines RN, Gu C, Koukouritaki SB, Manro
JR, Tandler PJ, et al. Developmental expression of the
major human hepatic CYP3A enzymes. J Pharmacol
Exp Ther 2003;307:573-82.

Burk O, Tegude H, Koch I, Hustert E, Wolbold R,
Glaeser H, et al. Molecular mechanisms of polymorphic
CYP3A7 expression in adult human liver and intestine.
J Biol Chem 2002;277:24280-8.

Wrighton SA, Brian WR, Sari M-A, Iwasaki M,
Guengerich FP, Raucy JL, et al. Studies on the expres-
sion and metabolic capabilities of human liver cyto-
chrome P450IITAS (HLp3). Mol Pharmacol 1990;38:
207-13.

Hustert E, Haberl M, Burk O, Wolbold R, He YQ, Klein
K, et al. The genetic determinants of the CYP3AS
polymorphism. Pharmacogenetics 2001;11:773-9.
Huang W, Lin YS, McConn DJ II, Calamia JC, Totah
RA, Isoherranen N, et al. Evidence of significant con-


http://www.imm.ki.se/CYPalleles/cyp3a4.htm
http://www.imm.ki.se/CYPalleles/cyp3a4.htm

CLINICAL PHARMACOLOGY & THERAPEUTICS

2005;78(6):559-81

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

tribution from CYP3AS5 to hepatic drug metabolism.
Drug Metab Dispos 2004;32:1434-45.

Lin YS, Dowling AL, Quigley SD, Farin FM, Zhang J,
Lamba J, et al. Co-regulation of CYP3A4 and CYP3AS
and contribution to hepatic and intestinal midazolam
metabolism. Mol Pharmacol 2002;62:162-72.
Haufroid V, Mourad M, Van Kerckhove V, Wawrzyn-
iak J, De Meyer M, Eddour DC, et al. The effect of
CYP3AS5 and MDR1 (ABCB1) polymorphisms on cy-
closporine and tacrolimus dose requirements and trough
blood levels in stable renal transplant patients. Pharma-
cogenetics 2004;14:147-54.

Hesselink DA, van Schaik RH, van der Heiden IP, van
der Werf M, Gregoor PJ, Lindemans J, et al. Genetic
polymorphisms of the CYP3A4, CYP3AS, and MDR-1
genes and pharmacokinetics of the calcineurin inhibitors
cyclosporine and tacrolimus. Clin Pharmacol Ther
2003;74:245-54.

Thervet E, Anglicheau D, King B, Schlageter MH,
Cassinat B, Beaune P, et al. Impact of cytochrome p450
3AS genetic polymorphism on tacrolimus doses and
concentration-to-dose ratio in renal transplant recipi-
ents. Transplantation 2003;76:1233-5.

Zheng H, Webber S, Zeevi A, Schuetz E, Zhang J,
Bowman P, et al. Tacrolimus dosing in pediatric heart
transplant patients is related to CYP3A5 and MDRI1
gene polymorphisms. Am J Transplant 2003;3:477-48.
Bader A, Hansen T, Kirchner G, Allmeling C, Haverich
A, Borlak JT. Primary porcine enterocyte and hepato-
cyte cultures to study drug oxidation reactions. Br J
Pharmacol 2000;129:331-42.

MacPhee IA, Fredericks S, Tai T, Syrris P, Carter ND,
Johnston A, et al. The influence of pharmacogenetics on
the time to achieve target tacrolimus concentrations
after kidney transplantation. Am J Transplant 2004;4:
914-9.

Goh BC, Lee SC, Wang LZ, Fan L, Guo JY, Lamba J,
et al. Explaining interindividual variability of docetaxel
pharmacokinetics and pharmacodynamics in Asians
through phenotyping and genotyping strategies. J Clin
Oncol 2002;20:3683-90.

Wong M, Balleine RL, Collins M, Liddle C, Clarke CL,
Gurney H. CYP3AS5 genotype and midazolam clearance
in Australian patients receiving chemotherapy. Clin
Pharmacol Ther 2004;75:529-38.

Floyd MD, Gervasini G, Masica AL, Mayo G, George
AL Jr, Bhat K, et al. Genotype-phenotype associations
for common CYP3A4 and CYP3AS5 variants in the basal
and induced metabolism of midazolam in European-
and African-American men and women. Pharmacoge-
netics 2003;13:595-606.

Shih PS, Huang JD. Pharmacokinetics of midazolam
and 1’-hydroxymidazolam in Chinese with different
CYP3AS5 genotypes. Drug Metab Dispos 2002;30:
1491-6.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Pharmacogencetics of drug-metabolizing enzyymes: Workshop report 579

Yu KS, Cho JY, Jang 1J, Hong KS, Chung JY, Kim JR,
et al. Effect of the CYP3AS genotype on the pharma-
cokinetics of intravenous midazolam during inhibited
and induced metabolic states. Clin Pharmacol Ther
2004;76:104-12.

Katz DA, Grimm DR, Cassar SC, Gentile MC, Ye X,
Rieser MJ, et al. CYP3AS5 genotype has a dose-
dependent effect on ABT-773 plasma levels. Clin Phar-
macol Ther 2004;75:516-28.

Kroetz D. Special consideration of individual biomark-
ers: P-gp. In: Proceedings of the FDA/Pharmaceutical
Research and Manufacturers of America/Johns Hopkins
University Educational Workshop; 2004 Sep 13-14;
Rockville, Md. Available from: URL:http://www.
fda.gov/cder/offices/ocpb/workshops.htm. Accessed
June 2, 2005.

Marzolini C, Paus E, Buclin T, Kim RB. Polymor-
phisms in human MDR1 (P-glycoprotein): recent ad-
vances and clinical relevance. Clin Pharmacol Ther
2004;75:13-33.

Pauli-Magnus C, Kroetz DL. Functional implications of
genetic polymorphisms in the multidrug resistance gene
MDRI1 (ABCB1). Pharm Res 2004;21:904-13.
Ambudkar SV, Dey S, Hrycyna CA, Ramachandra M,
Pastan I, Gottesman MM. Biochemical, cellular, and
pharmacological aspects of the multidrug transporter.
Annu Rev Pharmacol Toxicol 1999;39:361-98.

Kroetz DL, Pauli-Magnus C, Hodges LM, Huang CC,
Kawamoto M, Johns SJ, et al. Sequence diversity and
haplotype structure in the human ABCB1 (MDR1, mul-
tidrug resistance transporter) gene. Pharmacogenetics
2003;13:481-94.

Saito S, lida A, Sekine A, Miura Y, Ogawa C, Kawau-
chi S, et al. Three hundred twenty-six genetic variations
in genes encoding nine members of ATP-binding cas-
sette, subfamily B (ABCB/MDR/TAP), in the Japanese
population. J Hum Genet 2002;47:38-50.

Ito S, Ieiri I, Tanabe M, Suzuki A, Higuchi S, Otsubo K.
Polymorphism of the ABC transporter genes, MDRI1,
MRP1 and MRP2/cMOAT, in healthy Japanese sub-
jects. Pharmacogenetics 2001;11:175-84.

Cascorbi I, Gerloff T, Johne A, Meisel C, Hoffmeyer S,
Schwab M, et al. Frequency of single nucleotide poly-
morphisms in the P-glycoprotein drug transporter
MDRI1 gene in white subjects. Clin Pharmacol Ther
2001;69:169-74.

Hoffmeyer S, Burk O, von Richter O, Arnold HP,
Brockmoller J, Johne A, et al. Functional polymor-
phisms of the human multidrug-resistance gene: multi-
ple sequence variations and correlation of one allele
with P-glycoprotein expression and activity in vivo.
Proc Natl Acad Sci U S A 2000;97:3473-8.

Kim RB, Leake BF, Choo EF, Dresser GK, Kubba
SV, Schwarz UI, et al. Identification of functionally
variant MDRI alleles among European Americans


http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm

580 Andersson et al

and African Americans. Clin Pharmacol Ther

2001;70:189-99.

170a.Pharmacogenetics and Pharmacogenomics Knowledge

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Base Web site. Available from: URL:www.pharmgkb.
org. Accessed June 2, 2005.

Morita N, Yasumori T, Nakayama K. Human MDRI1
polymorphism: G2677T/A and C3435T have no effect
on MDRI1 transport activities. Biochem Pharmacol
2003;65:1843-52.

Kimchi-Sarfaty C, Gribar JJ, Gottesman MM. Func-
tional characterization of coding polymorphisms in the
human MDRI1 gene using a vaccinia virus expression
system. Mol Pharmacol 2002;62:1-6.

Verstuyft C, Schwab M, Schaeffeler E, Kerb R, Brink-
mann U, Jaillon P, et al. Digoxin pharmacokinetics and
MDRI1 genetic polymorphisms. Eur J Clin Pharmacol
2003;58:809-12.

Johne A, Kopke K, Gerloff T, Mai I, Rietbrock S,
Meisel C, et al. Modulation of steady-state kinetics of
digoxin by haplotypes of the P-glycoprotein MDRI
gene. Clin Pharmacol Ther 2002;72:584-94.

Kurata Y, Ieiri I, Kimura M, Morita T, Irie S, Urae A,
et al. Role of human MDR1 gene polymorphism in
bioavailability and interaction of digoxin, a substrate of
P-glycoprotein. Clin Pharmacol Ther 2002;72:209-19.
Horinouchi M, Sakaeda T, Nakamura T, Morita Y,
Tamura T, Aoyama N, et al. Significant genetic linkage
of MDR1 polymorphisms at positions 3435 and 2677:
functional relevance to pharmacokinetics of digoxin.
Pharm Res 2002;19:1581-5.

Sakaeda T, Nakamura T, Horinouchi M, Kakumoto M,
Ohmoto N, Sakai T, et al. MDR1 genotype-related
pharmacokinetics of digoxin after single oral adminis-
tration in healthy Japanese subjects. Pharm Res 2001;
18:1400-4.

Becquemont L, Verstuyft C, Kerb R, Brinkmann U,
Lebot M, Jaillon P, et al. Effect of grapefruit juice on
digoxin pharmacokinetics in humans. Clin Pharmacol
Ther 2001;70:311-6.

Gerloff T, Schaefer M, Johne A, Oselin K, Meisel C,
Cascorbi I, et al. MDR1 genotypes do not influence the
absorption of a single oral dose of 1 mg digoxin in
healthy white males. Br J Clin Pharmacol 2002;54:
610-6.

Drescher S, Schaeffeler E, Hitzl M, Hofmann U,
Schwab M, Brinkmann U, et al. MDR1 gene polymor-
phisms and disposition of the P-glycoprotein substrate
fexofenadine. Br J Clin Pharmacol 2002;53:526-34.
Saitoh A, Singh KK, Powell CA, Fenton T, Fletcher
CV, Brundage R, et al. An MDRI1-3435 variant is
associated with higher plasma nelfinavir levels and
more rapid virologic response in HIV-1 infected chil-
dren. AIDS 2005;19:371-80.

Fellay J, Marzolini C, Meaden ER, Back DJ, Buclin T,
Chave JP, et al. Response to antiretroviral treatment in
HIV-1-infected individuals with allelic variants of the

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

CLINICAL PHARMACOLOGY & THERAPEUTICS
DECEMBER 2005

multidrug resistance transporter 1: a pharmacogenetics
study. Lancet 2002;359:30-6.

Haufroid V, Mourad M, Van Kerckhove V, Wawrzyn-
iak J, De Meyer M, Eddour DC, et al. The effect of
CYP3AS and MDR1 (ABCB1) polymorphisms on cy-
closporine and tacrolimus dose requirements and trough
blood levels in stable renal transplant patients. Pharma-
cogenetics 2004;14:147-54.

Anglicheau D, Thervet E, Etienne I, Hurault De Ligny
B, Le Meur Y, Touchard G, et al. CYP3AS and MDRI1
genetic polymorphisms and cyclosporine pharmacoki-
netics after renal transplantation. Clin Pharmacol Ther
2004;75:422-33.

Mai I, Stormer E, Goldammer M, Johne A, Kruger H,
Budde K, et al. MDR1 haplotypes do not affect the
steady-state pharmacokinetics of cyclosporine in renal
transplant patients. J Clin Pharmacol 2003;43:1101-7.
Kuzuya T, Kobayashi T, Moriyama N, Nagasaka T,
Yokoyama I, Uchida K, et al. Amlodipine, but not
MDR1 polymorphisms, alters the pharmacokinetics of
cyclosporine A in Japanese kidney transplant recipients.
Transplantation 2003;76:865-8.

Yates CR, Zhang W, Song P, Li S, Gaber AO, Kotb M,
et al. The effect of CYP3AS and MDRI1 polymorphic
expression on cyclosporine oral disposition in renal
transplant patients. J Clin Pharmacol 2003;43:555-64.
Min DI, Ellingrod VL. C3435T mutation in exon 26 of
the human MDR1 gene and cyclosporine pharmacoki-
netics in healthy subjects. Ther Drug Monit 2002;24:
400-4.

Hesselink DA, van Gelder T, van Schaik RH, Balk AH,
van der Heiden IP, van Dam T, et al. Population phar-
macokinetics of cyclosporine in kidney and heart trans-
plant recipients and the influence of ethnicity and ge-
netic polymorphisms in the MDR-1, CYP3A4, and
CYP3AS genes. Clin Pharmacol Ther 2004;76:545-56.
Bonhomme-Faivre L, Devocelle A, Saliba F, Chatled S,
Maccario J, Farinotti R, et al. MDR-1 C3435T poly-
morphism influences cyclosporine a dose requirement
in liver-transplant recipients. Transplantation 2004;78:
21-5.

Hesselink DA, van Schaik RH, van der Heiden IP, van
der Werf M, Gregoor PJ, Lindemans J, et al. Genetic
polymorphisms of the CYP3A4, CYP3AS, and MDR-1
genes and pharmacokinetics of the calcineurin inhibitors
cyclosporine and tacrolimus. Clin Pharmacol Ther
2003;74:245-54.

von Ahsen N, Richter M, Grupp C, Ringe B, Oellerich
M, Armstrong VW. No influence of the MDR-1
C3435T polymorphism or a CYP3A4 promoter poly-
morphism (CYP3A4-V allele) on dose-adjusted cyclo-
sporin A trough concentrations or rejection incidence in
stable renal transplant recipients. Clin Chem 2001;47:
1048-52.

Chowbay B, Cumaraswamy S, Cheung YB, Zhou Q,
Lee EJ. Genetic polymorphisms in MDR1 and CYP3A4


http://www.pharmgkb.org
http://www.pharmgkb.org

CLINICAL PHARMACOLOGY & THERAPEUTICS

2005;78(6):559-81

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

genes in Asians and the influence of MDR1 haplotypes
on cyclosporin disposition in heart transplant recipients.
Pharmacogenetics 2003;13:89-95.

Mai I, Perloff ES, Bauer S, Goldammer M, Johne A,
Filler G, et al. MDR1 haplotypes derived from exons 21
and 26 do not affect the steady-state pharmacokinetics
of tacrolimus in renal transplant patients. Br J Clin
Pharmacol 2004;58:548-53.

Tsuchiya N, Satoh S, Tada H, Li Z, Ohyama C, Sato K,
et al. Influence of CYP3AS and MDR1 (ABCB1) poly-
morphisms on the pharmacokinetics of tacrolimus in
renal transplant recipients. Transplantation 2004;78:
1182-7.

Zheng H, Webber S, Zeevi A, Schuetz E, Zhang J,
Bowman P, et al. Tacrolimus dosing in pediatric heart
transplant patients is related to CYP3A5 and MDRI1
gene polymorphisms. Am J Transplant 2003;3:477-83.
Goto M, Masuda S, Kiuchi T, Ogura Y, Oike F, Okuda
M, et al. CYP3A5*1-carrying graft liver reduces the
concentration/oral dose ratio of tacrolimus in recipients
of living-donor liver transplantation. Pharmacogenetics
2004;14:471-8.

Macphee IA, Fredericks S, Tai T, Syrris P, Carter ND,
Johnston A, et al. Tacrolimus pharmacogenetics: poly-
morphisms associated with expression of cytochrome
p4503A5 and P-glycoprotein correlate with dose re-
quirement. Transplantation 2002;74:1486-9.
Anglicheau D, Verstuyft C, Laurent-Puig P, Becque-
mont L, Schlageter MH, Cassinat B, et al. Association
of the multidrug resistance-1 gene single-nucleotide
polymorphisms with the tacrolimus dose requirements
in renal transplant recipients. J] Am Soc Nephrol 2003;
14:1889-96.

Siddiqui A, Kerb R, Weale ME, Brinkmann U, Smith A,
Goldstein DB, et al. Association of multidrug resistance
in epilepsy with a polymorphism in the drug-transporter
gene ABCBI1. N Engl J Med 2003;348:1442-8.

Tan NC, Heron SE, Scheffer IE, Pelekanos JT, McMa-
hon JM, Vears DF, et al. Failure to confirm association
of a polymorphism in ABCB1 with multidrug-resistant
epilepsy. Neurology 2004;63:1090-2.

Soranzo N, Cavalleri GL, Weale ME, Wood NW, De-
pondt C, Marguerie R, et al. Identifying candidate
causal variants responsible for altered activity of the
ABCB1 multidrug resistance gene. Genome Res 2004;
14:1333-44.

Zimprich F, Sunder-Plassmann R, Stogmann E, Gleiss
A, Dal-Bianco A, Zimprich A, et al. Association of an
ABCB1 gene haplotype with pharmacoresistance in
temporal lobe epilepsy. Neurology 2004;63:1087-9.
Tang K, Ngoi SM, Gwee PC, Chua JM, Lee EJ, Chong
SS, et al. Distinct haplotype profiles and strong linkage
disequilibrium at the MDR1 multidrug transporter gene
locus in three ethnic Asian populations. Pharmacoge-
netics 2002;12:437-50.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Pharmacogencetics of drug-metabolizing enzyymes: Workshop report 581

Roses AD. Pharmacogenetics and drug development:
the path to safer and more effective drugs. Nat Rev
Genet 2004;5:645-56.

Goldstein DB. Haplotype mapping in pharmacogenet-
ics. In: Proceedings of the FDA/Pharmaceutical Re-
search and Manufacturers of America/Johns Hopkins
University educational workshop; 2004 Sep 13-14;
Rockville, Md. Available from: URL:http://www.
fda.gov/cder/offices/ocpb/workshops.htm. Accessed
June 2, 2005.

Goldstein DB, Tate SK, Sisodiya SM. Pharmacogenet-
ics goes genomic [published erratum appears in Nat Rev
Genet 2004;5:76]. Nat Rev Genet 2003;4:937-47.

Tate SK, Depondt C, Sisodiya SM, Cavalleri GL,
Schorge S, Soranzo N, et al. Genetic predictors of the
maximum doses patients receive during clinical use of
the anti-epileptic drugs carbamazepine and phenytoin.
Proc Natl Acad Sci U S A 2005;102:5507-12.

Weale ME, Depondt C, Macdonald SJ, Smith A, Lai PS,
Shorvon SD, et al. Selection and evaluation of tagging
SNPs in the neuronal-sodium-channel gene SCNIA:
implications for linkage-disequilibrium gene mapping.
Am J Hum Genet 2003;73:551-65.

Discovering genotypes underlying human phenotypes:
past successes for Mendelian disease, future approaches
for complex diseaseNat Genet33Suppl2003228-37
Hirschhorn JN, Daly MJ. Genome-wide association
studies for common diseases and complex traits. Nat
Rev Genet 2005;6:95-108.

Zondervan KT, Cardon LR. The complex interplay
among factors that influence allelic association. Nat Rev
Genet 2004;5:89-100.

www.hapmap.org.

Ahmadi KR, Weale ME, Xue ZY, Soranzo N, Yarnall
DP, Briley JD, et al. A single-nucleotide polymorphism
tagging set for human drug metabolism and transport.
Nat Genet 2005;37:84-9.

McLeod HL, Krynetski EY, Relling MV, Evans WE.
Genetic polymorphism of thiopurine methyltransferase
and its clinical relevance for childhood acute lympho-
blastic leukemia. Leukemia 2000;14:567-72.

Otterness D, Szumlanski C, Lennard L, Klemetsdal B,
Aarbakke J, Park-Hah JO, et al. Human thiopurine
methyltransferase pharmacogenetics: gene sequence
polymorphisms. Clin Pharmacol Ther 1997;62:60-73.
FDA approval letter for Roche AmpliChip CYP450
Test. 2004 Dec. Available from: URL:http://www.fda.
gov/cdrh/pdf4/k042259.pdf. Accessed Oct 14, 2005.
Food and Drug Administration (US). FDA news. FDA
clears genetic test that advances personalized medicine.
Test helps determine safety of drug therapy. Available
from: URL:http://www.fda.gov/bbs/topics/NEWS/2005/
NEWO01220.html. Accessed Oct 23, 2005.


http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.fda.gov/cder/offices/ocpb/workshops.htm
http://www.hapmap.org
http://www.fda.gov/cdrh/pdf4/k042259.pdf
http://www.fda.gov/cdrh/pdf4/k042259.pdf
http://www.fda.gov/cdrh/pdf4/k042259.pdf
http://www.fda.gov/cdrh/pdf4/k042259.pdf

	Drug-metabolizing enzymes: Evidence for clinical utility of pharmacogenomic tests
	REVIEW OF CLINICAL PHARMACOLOGY AND LABELING
	APPLICATIONS OF PHARMACOGENETICS AND PHARMACOGENOMICS IN DRUG DEVELOPMENT AND REGULATORY REVIEW
	CYP2C9
	In vitro and in vivo correlations
	Clinical relevance
	What alleles to measure
	Conclusions

	CYP2C19
	In vitro and in vivo correlations
	In vivo genotype-phenotype correlations
	Which alleles to determine
	Clinical relevance
	Conclusions

	CYP2D6
	In vitro–in vivo correlations
	Which alleles to determine
	Clinical relevance
	Conclusions

	UGT1A1
	Which alleles to determine
	Conclusions

	CYP3A
	CYP3A4 genotypes
	CYP3A7 genotypes
	CYP3A5 genotypes

	ABCB1 (MDR1)

	DISCOVERY OF NEW PHARMACOGENETIC VARIANTS DURING DRUG DEVELOPMENT
	SUMMARY
	References


